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ABSTRACT 


Name of student 

Programme 

Department 

Title of the thesis 


Supervisors 


Institute 


Paladugu Ramamohana Rao 
Ph.D. 

Chemical Engineering 
Energy Transfer in mixtures of 
Carbon dioxide-polyatomic mole- 
cules using Laser Induced 
Pluorescence 
Dr. S.Y. Babu 
Dr. Y.V. Chalapati Rao 
Department of Chemical Engg. 
Indian Institute of Technology 
Kanpur- 20801 6, India 


The collisional deactivation rates of the C02(00"l) mode 
in binary mixtures with CH^OH, CH^OD, C2H^0H, C2H_^0, CH^CHO, 
HCOOH and CH^COOH are experimentally measured in the tempe- 
rature range of 300-750°K using the Laser Induced Pluorescence 
technique. The measured deactivation rates are in the range of 
20-400 (msec""^ torr"”' ) and decrease with increasing temperature 
suggesting that near-resonant 7- V energy transfer processes are 
responsible for the deactivation. The processes are discussed 
for each binary system. In the alcohols, the C-0 stretch mode 
dominates the deactivation process. In the other molecules, in 
addition to some fundamental bands around 1000 cm , some weak 
bands around 2350 cm also participate. The dipole moments of 
the transitions involved in these processes are estimated using 
Sharma-Brau theory and our experimental results. This could not 
be done for the two acids, primarily because of substantial di- 
mer concentration in the vapor phase at lower temperatures. 



CHAP3ER I 


UrOKODUCTION 


The measuremeni; and prediction of energy transfer 
rates in gases and gas mixtures is of practical importance 
in the design of new laser systems, chemical kinetics, gas 
dynamics, electrical discharges etc. 

The importance of the knowledge of energy transfer 
rates in laser technology can be viewed from the tremendous 
impact that such a knowledge made on the CO2 laser output 
power. Prom a level of 30 m¥ in pure CO2-, the power output 
has gone up to a few kilowatts in mixtures of C02-K’2-He . 

This power enhancement and hi^er efficiency is closely 
related to the . efficient energy transfer that occurs bet- 
ween the vibrational modes of CO2 and N2 and between the 
vibrational and translational modes of CO2 and He. If the 
rate of excitation of the upper laser level becomes compa- 
rable to the decay rate of the lower laser levels over- 
population of the lower level limits the power output ' . 

The performance limiting factors in molecular lasers 
are determined by the varioiis energy transfer processes for 
the self deactivation and vibrational energy transfer of the 
constituent gases. At present not mar^r molecules exhibit 
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laser action (even thou^ the reported laser lines run into 
several hundreds) and it is reasonable to expect that more 
and more new molecular lasers will be developed as addi- 
tional Joiowledge of energy transfer mechanisms and pathways 
in these molecules becomes available. 

Atomic recombination and unimolecular chemical de- 
composition depend on the inter- and intramolecular energy 
transfer processes. Chemical reactions proceed through the 
rupture or weakening of chemical bonds. In conventional 
thermal r ea ct ions , energy is supplied to the translational 

tcxtris 

degrees of freedom of the reactiosa which then has to be 
transfered into the internal degrees of freedom before the 
bond rupture or weakening takes place. However >vibr a tionally 
hot molecules undergo reaction even if their translational 
temperature is low. 2hus-,the rate at which energy is exch- 
anged between the translational and vibrational (T-V) 
degrees of freedom and between vibrational and vibrational 
(7-?) degrees of freedom of the reacting molecules plays 
an ia^jortant role in determining the rate of these reactions. 

With the development of lasers, their application to 

induce and stimulate chemical reactions by vibrationally 

exciting the reactant molecules at even lower translational 

8 10 

temperatures has attracted much attention , When the 
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reactant molecule is excited \ising a laser, it is possible 
that the energy gets redistributed among the translational 
and the various internal modes of the molecule by collisions 
before the chemical bond weakens. To understand the effect 
of laser radiation on chemical reaction rates, product 
yields etc. as well as the mechanism of unimolecular decom- 
position, information regarding different energy transfer 
processes like Y-T and V-V is required. 

Howeverjin most systems it is difficult to measure 
these rates directly. So it will be useful to have at least 
some well tested theories, even if they are only approximate, 
to predict these rates. 

Before mentioning the energy transfer theories^ it 
is useful to classify the energy transfer processes. In 
general they can be divided into several types like vib- 
ration to vibration (T-V), vibration to translation (7-T), 
vibration to rotation (7-R) and rotation to rotation (R-R) 
processes. It is well established that R-R and 7-R rates 
are faster than Y-V rates which are faster than 7-T rates. 

Of these, only the 7-7 energy transfer processes are stu- 

11 

died in this thesis. These can be further divided as 
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1 . Intermolecular V-V energy transfer 

00^(00^1 ) + 002(0) — ^ 002(0) + COgdl'^O) = 272 caT^ 1.1 

002(00^1) + N2(Tr=0) ->002(0) + ^2^v=l) = 18 cm”'’ 1.2 

2. Intermolecular Y-V energy sharing 

002(00^1) + 002(0) — 002(01 ''0) + 002(100) +^E = 294 cm"'' 1.3 
002(00^1) + H20(0) — > C02(Ol''o) + H20(010) +^E = 8? cm"'' 1.4 

3. Intramolecular Y-Y energy sharing. 

C02(00‘"1) + He — > 002(04^0) + He +AE * -199 cm"*' 1.5 

Each of the processes in the above classes may again be 
divided into 

a) near-resonant processes i-e.^ those with small energy 
mismatch (processes 1.2 and 1.4) and 

b) nonresonant processes ie., those with high energy 
mismatch (processes 1.1 and 1.3). 

Ihe observed Y-Y energy transfer probability in a 

polyatomic molecule may be due to one or more of the above 

1 1 

class of processes , Por near-resonant V-7 processes the 
energy transfer probabilities may be predicted using Sharma 
and Brau (SB) theory ^ whereas for nonresonant processes. 
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Schvjartz, Slawsky and Hertzfeld (SSH) theory^ ^ and its 

14-, 17 

refinements may be used. SB theory takes into account 

only the long range multipole interactions and predicts 
comparatively large values for the energy transfer probabi- 
lity. It also predicts a negative temperature dependence 
for the energy transfer probability. Hovjever, it appears 
that this temperature dependence is not necessarily due to 

the long range nature of the intermole cular forces but 

1 8 

arises, as pointed out by Moore , because of the "impact 

parameter, constant velocity, strai^t line form of the 

Born approximation" used in the theory. There is, infact, 

1 9—21 

some recent controversy on this point . On the other 
hand, the probabilities predicted by SSH theory, which 
assumes the presence of only short range repulsive forces^ 
are generally considerably small even for near-resonant 
processes. In addition, this theory also predicts a posi- 
tive temperature dependence for the probability. Hence;- it 
may be said that whenever fairly large probabilities are 
encountered SB theory or some refinement of it ’ has to 
be used. Exceptions exist as in the case of Hydrogen 

halides, but in these systems it is now accepted that rota- 

24 

tional effects are important . SB theory has, inf act, been 
extensively applied to many near resonant energy transfer 
processes involving small molecules like C02,N2"^^,N2^^, 
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c‘*^0,c"’^0,U2^^0,]Sr2”*^0,N'’'^0,IT"’^0 etc^^. So it should he use- 
ful to extend these studies to processes involving larger 
molecules. 

The collisional energy transfer rates in gases and 
gas mixtures can he studied hy creating large enough chan- 
ges in the equilibrium populations among the vibrational 
levels and the subsequent observation of the rate at ■which 
the excess population relaxes to its equilibrium value. A 

number of experimental methods are available to study these 
1116 

rates * . Some of the widely lused methods are 

•1 . Ultrasonic and shock tube techniques 

2. Optical excitation without lasers 

3. Flash photolysis 

4. Monochroma tic ally excited electronic fluorescence. 

5. Chemical excitation 

6 . Molecular beams 

7. Laser excitation methods 

(a) Laser induced fluorescence 

(b) Laser - Laser double resonance 

(c) Time resolved thermal lensing 

All these methods have been thoroughly reviewed by 
Moore , Amme ^ and Ormonde and the references cited 
therein. Among these^ the laser excitation methods have been 
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widely used to obtain specific energy transfer rates 
since lasers provide monochromatic and intense radiation 
which can he used to create large changes in energy level 
populations and to selectively excite any particular level 
among the internal degrees of freedom of a molecule. The 
possibility of exciting any given level in a molecule is be- 
coming increasingly feasible with the availability of more 
and more tunable lasers. 

In the present work, the rate of collisional transfer 
of energy from the C 02 ( 00 ° 1 ) mode in binary mixtures of CO 2 
with several polyatomic molecules has been experimentally 
measured in the temperature range 300-750 ®K using the laser 
induced fluorescence technique. The polyatomic molecules 
studied are CH^OH, GH^OD, C^E^OE, C2H^0, CH^CHO, HCOOH and 
CH^COOH. It has been observed that the deactivation rates 
are fairly large (20-400 msec” torr“ ) in all these systems 
and that they decrease with temperature. It is also shown 
in the following that several near-resonant processes are 
possible in each of these systems;. and that the observed rate 
is due to a combination of all of them. Using the experimen- 
tally measured probabilities, the dipole moments of the 
transitions involved in these processes (except in the case 
of HCOOH and CH^COOH) are estimated assuming that SB theory 
is reasonably accurate in estimating the probabilities for 
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these processes. lEhe estimated transition moments are nece- 
ssarily approximate in view of the limitations of the SB 
theory pointed out above. However, these calculated moments 
are in accord with the relative spectral absorption intensi- 
ties of the corresponding IR bands. Hence, if the values of 
these transition moments can be obtained throu^ independent 
experiments, these estimates may be regarded as providing 
a basis to test the applicability of SB theory to near- 
resonant processes involving polyatomic molecules. 

The remainder of the thesis is organised as follows. 
The laser induced fluorescence technique which is employed 
in the present work is described in detail in chapter II. 

The experimental setup along with a description of its 
components - namely a) Q-switched CO 2 laser, b) signal 
detection units and c) signal processing units - have been 
briefly described in chapter III. In chapter IV^the colli- 
sional energy transfer rates obtained from the experiments 
in binaiy mixtures of COg with the polyatomic 

molecules listed earlier are discussed. The processes that 
are responsible for the energy transfer have been identi- 
fied for each system and SB theory has been used to estimate 
the unknown transition dipole moments in these molecules, 
finally, the conclusions are presented in chapter 7. 


*** 



CHAPTER II 


LASER INDUCED FLUORESCENCE TECHNIQUE 

The laser induced fluorescence technique which has 
been en^loyed for Y-7 energy transfer studies in COg-poly- 
atomic molecules is discussed briefly in this chapter. Ever 
since this technique was reported ' ’ in 1966, it has been 
widely used to study Y-Y and 7-T/R energy transfer rates in 
gases and gas mixtures in the temperature range of 77 - 
1000®K^^ 

In general, any gas laser operating on a particular 
vibrational transition permits that transition to be exci- 
ted in that gas ( or a transition which can absorb that 
frequency if a different gas is used) when a sample of it 
is placed either inside or outside the laser cavity. A non- 
equilibrium population results among the vibrational levels 
of the absorbing gas following such an excitation. As the 
population returns to equilibrium, primarily due to colli- 
sional exchange of energy between the Internal modes, fluo- 
rescence emitted by any individual level can be followed by 
an appropriate combination of filters and detectors to obtain 
the rate of pumping ^or the rate of removal of energy from 
the fluorescing level. It is also possible to excite mole- 
cules of one gas in a mixture of gases and follow the 
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fluorescence, if any, from the molecules of any of the 
other components of the gas mixture. 

In the present v?ork^a Q-switched CO2 laser is used to 
excite the CO2 molecules present in a test cell along with 
those of a polyatomic gas M. During the laser pulse the tra- 
nsitions (100, 020 — ^ 00°1) in CO2 are saturated creating a 
non-equilihrium population among these levels. Immediately 
after the excitation pulse ceases, the excess population 
pumped into the (00®1) level, which leads to the emission of 
4.3 fluorescence, starts decaying. Olie time constant v, of 
this decay, which is obtained by monitoring the '4.3 M- fluo- 
rescence, may be called the relaxation time or the life time 
of that level of the sample. In all our experimental runs 
single exponential decay of the fluorescence has been obser- 
ved. This means that, if n(t) is the excess population in the 
(00®1) level at any time t after the excitation pulse is 
turned off, then the rate of change of this excess popula- 
tion is proportional to the excess population itself and is 
given by 


dt = ” 'c 

where t is the relaxation time of the fluorescing level. 
The solution of this first order rate equation is 


n = Uq exp(-t/ T ) 


2.2 
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where toq is the excess population of the level at time t = 0, 

The excess population of the (00°1) level returns to 
the equilibrium value throu^ i) radiative decay, ii) colli- 
sions with COg molecules and the molecules of the added gas, 
if a^y, and iii) diffusion to and subsequent decay by colli- 
sions with the walls of the container. Therefore, the total 
relaxation rate (1/t) at a given pressure P can be written 

3 S 

1 = 1+1+1 25 

'"rad ^coll '"diff 

The radiative decay rate is constant and is inde- 

pendent of gas pressure, while the collisional decay rate 
is directly proportional to the gas pressure P 
as long as only binary collisions are predominant. However, 
the diffusion rate varies inversely with the pre- 

ssure and is important only if the sample pressure is low 
(<.1 torr)^^. Therefore, the slope of the' plot of versus 
P yields directly;, if we limit ourselves to 

P <1 torr. This slope is called this thesis. 

Since the C02(00®1) level is optically connected to 
the ground state, it emits spontaneous radiation at 4.3^. 

The intensity of the emitted radiation is proportional to 
the excess number of molecules in that level, Hae rate at 
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which the excess population attains its equilibrium value 
can be studied by monitoring the rate of decay of the flu- 
orescence signal intensity with a GesAu detector maintained 
at 77 If the decay is according to the exponential form 
(equation 2 . 2 )^ a semilogarithmic plot of the fluorescence 
signal intensity versus time should yield a strai^t line 
from which the relaxation time t can be obtained. By measu- 
ring T at different pressures and then plotting x ^ against 
pressure P, one can obtain the collisional decay rate 
In a mixture of CO2 and a polyatomic gas M, the collisional 
rate thus obtained is due to:i) collisions with CO2 mole- 
cules and ii) collisions with molecules M, By studying the 
composition dependence of and then extrapolating 

to zero percent composition of CO2 in the mixture, it is 
■possible to deduce the collisional deactivation rate cons- 
tant Kqq of the 002(00*1) mode with only M. [Die above 
studies are carried out at different temperatures, to obtain 
the tempEature dependence of the collisional deactivation 
rates- 

(This laser excited fluorescence method has several 
advantages over the conventional methods like flash photo- 
lysis, ^lltrasonic absorption, shock waves etc., for the • 

measurement of energy transfer rates in gases and gas 
1 i 

mixtures , The initial excited level of a molecule can be 
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precisely specified in laser experiments since the exciting 
pulse emitted "by the laser has very narrow hand width. The 
fact that this excitation can he achieved , without directly 
disturbing the adjacent energy levels^ has heen used in 
laser double resonance experiments. Thus^the excitation is 
speific,and since decay from any other specific level can he 
followed, deactivation rates can he measured experimentally 
for specific levels. The other experimental methods are, in 
comparison, limited by the fact that the excitation must 
proceed through the translational degrees of freedom. !EiuS;# 
in these methods the excitation is not specific^and when 
dealing with polyatomic molecules the analysis of the re- 
sulting data is quite complex. Secondly, the high. power 
densities of the exciting radiation produced by lasers are 
very useful in the study of fast V-V energy transfer rates 
in gases and gas mixtures, since this enables one to satu- 
rate the upper energy level of the absorbing transition, 
which intum yields a strong fluorescence signal with a 
correspondingly hi^ signal to noise ratio. The narrow band 
width can be used to excite specific energy levels which is 
not possible with other conventional methods. 


The experimental data on energy transfer is generally 
reported in terms of the deactivation rate constant 
the collision cross-section for energy transfer <T~ » anl the 
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energy transfer probaMlity per collision P. Kiese are in- 
terrelated as follov?s. 

r*= K/nV 2.4 

P =r7frd^ 2.5 

where n = nvunber density of molecules 

V = average relative velocity of the colliding pair 
and d = average diameter of the colliding pair. 

Thus for COg-M collisions 

d = i [d(C02) + .d(M)] 





CHAPTER III 


EXPERIMENTAL SET DP 

A brief description of the experimental set-up used 

55 56 

to study Laser Induced Pluorescence had been reported . 

A block diagram of the experimental set-up is shown in Pig.1 . 
The main components of the set-up are 

a) A Q-s-witched CO 2 laser 

b) Pluorescence signal detection units 

c) Signal processing iinits 

A description of the above components is presented below, 
a) Q~switched GOg Laser 

The laser consists of a discharge tube j 25 nm IL, 

3.5 m. long thick walled Pyrex glass. Glass 'T* joints are 
attached at both ends. The side projections are used as gas 
inlet and exit ports. One end of the discharge tube is sealed 
at Brewster’s angle with a polished Na61 window (60 mm dia, 

5 mm thick) , and the other end is attached to a fixed mirror 
mount throu^ flexible metal bellows. The gas inlet port is 
inturn connected to a copper tube which acts as a hollow 
cylindrical anode. The exit port is connected to a 160 1/m 

Welch mechanical pump through a water cooled copper tube, 
which acts as the cathode. Ohe discharge tube is held 
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-Experimentai set-up ; block diagram 
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concentric inside a 50 mm dia, 3 m long thick walled Pyrex 
glass tube. Cold water is circulated throu^ the annulxis to 
cool the plasma, tube while in operation. Kie entire assem- 
bly is supported by ’V blocks on a steel channel which is 
rigidly mounted on vibration proof concrete f oimdations . 

Gold coated hi^ reflectivity mirrors are used in the 
present work. The mirrors have been developed by vacuum dep- 
osition of gold on polished pyrex blanks. A 10 m. radius of 
ciirvature mirror with a 6 mm dia. central hole for laser 
power output coupling, is mounted in the stationary mirror 
mount. This hole is blanked by a NaGl window. The orientation 
of the mirror can be adjusted by two micrometer screws. The 
other mirror of 20 m. radius of curvature is mounted on the 
shaft of a Globe YC motor. Ihis motor is located a meter 
away from the window fixed at Brewster's angle to facilitate 
the insertion of the fluorescence cell. Audio signal of 
400 Hz is generated by an Exact Electronics function gene- 
rator and amplified to 115 V through a Bogen amplifier. This 
power is used to run the YC motor at 40 Hz to Q-switch the 
laser. The motor is mounted on a steel plate which can tra- 
verse along both the horizontal and vertical axes. This 
plate is supported on a steel frame which can be tilted. 

These motions facilitate the easy alignment of the mirror. 
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The gases iised in the laser are commercial grade 
Nitrogen supplied by Indian Oxygen Limited, Bone Dry grade 
COg and hi^ purity He both supplied by Matheson gas Co. The 
gases are mixed in the ratio of C 02 sN 2 ;He = 1:25l in a brass 
mixing chamber -which is fitted with micrometer needle val-o^es 
to regulate the flow of gases. The pressure in the mixing 
chamber is maintained at approximately 12 torr. The mixing 
chamber is connected to the discharge tube by a 10 m. long, 

12 mm dia. teflon tube. The length of the teflon tube is 
selected such that the distance between the anode and the 
metal mixing chamber is at least twice that of the distance 
between the two electrodes to prevent the discharge occur- 
ing between the anode and the mixing chamber. 

An optimum current of 18-20 mA through the discharge 
tube required a potential difference of .'1 2 KV DC across the 
electrodes. The DC power supply for the laser consists of a 
high voltage transformer (15 K7-0-15 EV", 500 mA) and a series 
of rectifier diodes. The rectified voltage is filtered thro- 
ng a low pass filter net work and the output is taken to the 
plasma tube throu^ a 100ZA. ballast resistor. 

b) Fluorescence Signal detection units 

The fluorescence cell which can be used upto 1000®K 
is described by I.V. Rao^'^ and is shown in Fig. 2. The cell 
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is made of 35 cm' long, 25 mm ID, 4 mm thick SS tube. To 
either side of the SS tube^short glass tubes of the same ID 
are attached by flanges. The ends of the glass tubes are 
cut at Brewster’s angle and sealed with NaGl windows. A 25- 
mm hole is drilled at the center of the SS tube normal to 
the axis on one side and a very short SS tube is then welded 
after ensuring that its axis is perpendicular to the axis of 
the main tube. A heavy SS block (10x10 ciiik12inm) with a 25 mm 
central hole is welded to the short side tube. This block, 
which is kept cool by passing cold water through coils welded 
to it, houses the Li? window which transmits 4.3 fluorescence 
radiation and blocks not only the 10.6 JJ. laser radiation but 
also any possible fluorescence from the polyatomic molecule. 

On one side of the cell, a 6 mm hole is drilled at the top 
which is connected through flexible metal bellows to a 6 mm 
Pyrex ball joint, which can be coupled to the gas handling 
station for evacuation and filling purposes. The cell is 
wound with a 1000 ¥ nichrome wire and insulated. Two Chromel- 
Alumel thermocouples are located 2.5 cms. apart at the centre 
of the cell to. monitor the cell temperature. One of them is 
used to measure and the other to control the temperature 
throu^ a Honey- Well on - off controller. The cell tempera- 
ture is maintained constant within + 2®C. !I!he cell is placed 
in the laser cavity between the discharge tube and the 
Q- switch motor. 
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The test cell is evacuated down to 10“'^ torr and the 
test gas mixture is filled at a known pressure. Duriiag the 

C 

€©2 Q-switched laser pulse, the transitions (100,020) — > 001 
in CO 2 gas present in the test cell are saturated. IThe CO 2 
molecules excited to the 1 ) ^ state loose energy due to colli- 
sions with other molecules. The spontaneous emission from 
the transition 0cfl — » 000 in GO 2 at 4.3 M- is viewed through 
the LiP window. The fluorescence is collected by an off-axis 
elliptical mirror (6:1) and focussed on to a liquid Nitrogen 
cooled Ge;Au detector (SBRC) loaded with 10KA. The response 
time of the detector under these conditions is estimated to 
be less than 2 Rsec. 

c) Signal Processing Units 

A point source of light is focussed on to the rota- 
ting mirror and its reflection is intercepted by an IP 28 
photomultiplier biased at 900 V. The PMT output is used to 
trigger the Tektronix 545A Oscilloscope with predetermined 
delay. The detector output is displayed on the CPO with 
1A7A plugin unit. The low and high frequency cut offs are 
adjusted to IHz and 1 MHz. The vertical amplifier output is 
fed to a PAR CW-1 Boxcar integrator to improve the signal 
to noise ratio. The delayed trigger output from the CRO is 
used to trigger the Boxcar and a Beckman digital counter. 
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Typical integration times are 20 ■with a time constant of 

t 

0.1 ms, gate width of 1 iAsec, to scan a time base of 100 sec 
with a 40 PPS pulse repetition rate. The moving gate of the 
Boxcar is used to stop the counter. The output from the Box- 
car is recorded on a Bausch-Iomb VOM-6 Strip Chart recorder. 

A typical fluorescence decay curve as obtained on the recor- 
der is presented in Pig. 3. 

TEST SAMPIBS 

The polyatomic molecules chosen in this study are 
liquids at room temperature with the exception of Ethylene 
oxide. The test samples of these liquids are prepared as 
follows. The liquid is taken into a 50 cc bottle which is 
connected to the glass vacuum station. The trapped air is 
first pumped out from this bottle. Then the sample is 
frozen at liquid nitrogen temperature while evacuation is 
continued for about 15 minutes. Then the sample is allowed 
to warm up to room temperature and the vapors are pumped out 
for ano'ther 15 minutes to get rid of any volatile impurities 
that may be present. The vapors are then collected in tho- 
rou^ly evacuated (~lo”'^torr) glass bulbs at different 
pressures. Then these bulbs are filled with 00^ gas to bri- 
ng the total pressure upto about 400 torr. The composition 
of the sample in the bulbs is determined from partial 
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pressure measurements. Pressures upto 25 torr are measured 
with a Silicone oil (Dow Corning 702 fluid) manometer, 
(accuracy 0.2 torr) while presstnces higher than 25 torr are 
measured with a mercury manometer. 

Same procedure is followed in the case of Ethylene 
oxide except that the hulhs are filled directly from the 
gas cylinder. In all the cases the mixtures are left for 
24-36 hours to ensure complete mixing before a sample is 
withdrawn for fluorescence studies. 

The purity of the samples used are as follows. CO 2 
is 99.89^ pure (Bone Diy grade, Matheson gas Co.) and C2H^0 
is specified to be 99.7% pure (Union Carbide Co.)*Am6ng the 
liquids, the isotope CH^OD (supplied by Isotopes Division, 
EA.RC, Bombay) is stated to be grater than 95% isotopic purity. 
The purity of the samples HCOOH, CH^COOH and CH^CHO is stated 
to be 99%, 99 . 7 % snd 99.5% respectively (BDH^Analar grade). 

The alcohols CH^OH and C2H^0H are purified as follows . 
About 250 cc of laboratory grade alcohol is distilled over 
activated Calcium oxide. The distillate is mixed with about 
2 grms. of Magnesium and a few crystals of Iodine and left 
over for 2-3 hours. Then the solution is distilled for two 
hours. The distillate^ whose purity is greater than 99.5%, is 
used for subsequent sample preparation as described above. 


*** 



CHA.PTER IV 


RESULTS km DISCUSSION 


The deactivation of COgCoO^l) mode in collisions with 
different polyatomic molecules has been studied using the 
Laser Induced Fluorescence technique as described in chapter 
II and III. The collision partners studied are CH^OH,CH^OD, 
C2H^0H, C2H^0, CH^CHO, HCOOH and CH^COOH. With each of these 
molecules as a collision partner, experiments have been 
carried out at different compositions of the mixtures and 
at different tempratures. The measurements are limited to 
those compositions of the mixtures for which the' measured 
relaxation times are about three to four times larger than 
the response time of the detector and the associated elec- 
tronic circuitry, which is less than 2fisecs. The observed 
decay rate increases linearly with the composition 

of the colliding partner M in all the systems studied. The 


deactivation rate constant K 


CO -M evaluated by linearly 


extrapolating to zero percent of CO 2 since 

refer^s to collisions between CO 2 and M only. 


To check if dissociation is occuring in any of the 
samples in the temperature range studied, the following 
method has been uised. The relaxation time t of the sample 
at a pressure P is first measured at room tempera t\n?e and 
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the temperature of the sample is then raised to the desired 
value and maintained there for an hoixr. Then the sample is 
cooled rapidly down to room temperature and the relaxation 
time and the pressure are measured again. If these agreed 
within the experimental error with the earlier ones, then 
it has been concluded that dissociation is unimportant. Each 
system is checked in this manner and the temperatiire range of 
the experiments is restricted such that no dissociation 
occurs. 


, In the temperature range of our measurements the de- 
activation rate constant is found to decrease with increa- 
sing temperature for all the systems studied. (Ehe magnitude 
of these rates and their decrease with temperature suggest 
that near-resonant vibration to vibration (V-V) energy 
transfer processes are primarily responsible for the trans- 
fer of energy from the asymmetric stretch mode of CO^ to all 
the above mentioned molecules. As discussed in subsequent 
pages, th^agnitude of the transition dipole moments of the 
transitions involved in CH^OH, CH^OE, C2H5OH, CgH^O and 
-CH^CHO in the deactivation of C02(00°1) mode have been 
estimated using the experimentally derived probabilities 
at different temperatures and SB theory. 
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The experimental results and their analysis are dis- 
cussed tor the individual systems in the following. The 
-Q 02 -CH^ 0 H system is chosen as a prototype for a detailed 
discussion. Since the analysis of the data is similar for 
all the other systems, only a brief discussion is presented 
afterwards for the remaining systems. 


CO, 


CH^OH 


The energy transfer rates for the deactivation of 
002 ( 00 ^ 1 ) mode have been measured for five compositions, all 
below 12 . 59 ^, of Methyl alcohol at three different tempera- 
tures, namely 305, 400 and 500 A typical fluorescence 
decay curve (P=3.5 torr, = 0.028 and T = 500®K) is 

shown in Pig, 3. A semilogarithmic plot of this fluorescence 
signal intensity versus time, shown in Pig. 4, resulted in a 
strai^t line, implying a single exponential decay which is 
also the case with all other signals. The slope of this line 
yields the relaxation time x due to collisions. The relaxa- 
tion times are measured at different total pressures for the 

same composition, in the range of 2-30 torr. Pig. 5 shows the 

-1 

dependence of x on P, which is a straight line, suggesting 
that the deactivation is only throu^ binary collisions in 
this pressure range. The slope of this line, which is the 

A 

collisional decay rate = (P , is found to be 

2.76 + 0.09 msec”Horr“^ . 




Semi logarithmic plot of fluorescence signal intensity 







CO 2 -CH 3 OH system 

^CH30H=0028 

Temperatu re =500“ K 



-Plot of X with pressure 
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!Ehese measurements have been repeated for different 
compositions of the mixture and the observed decay rate in- 
creased with increasing mole fraction of the alcohol. This 
increase s-uggests that Methyl alcohol is more efficient in 
deactivating the C 02 ( 00 ° 1 ) mode than CO2 itself. The compo- 
sition dependence of the decay rate constant is shown in 
Pig. 6 . It can be seen from this plot that varies line- 

arly with the composition.Xj^, of the colliding partner M 
in the mixture according to the relation 
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\bs “ ^002-002 ^C02 ^C02-M % 

Here, K^q is the deactivation rate constant of the 

002(00^1) mode due to collisions with CO2 molecules only"'^ 
while Kqq is the deactivation rate due to collisions with 
molecules M only and can therefore be obtained by extrapola- 
ting to zero percent of COg in the mixture. 

This linear composition dependence of has been 

found to hold in all the mixtures CO2-M studied in this 
thesis. Therefore this extrapolation to zero percent CO2 


has been used in all the mixtures to obtain 

Experiments have been carried out at different 

temperatures and the results are shown in’ the form of a 

plot of Kqq qjj versus temperature in Pig. 7 . It should be 
2 3 







Fig. 7 -Temperature dependence of K{3Q2 -cH30H 
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pointed out that Agroskin et al. measured the deactivation 

of 002(00^1 ) mode with CH^OH at 300®E; and found a value of 
1—1 

322 msec torr vdiereas the present measurements resulted 
in a value of 172 + 18 msec"^ torr”^ at 305°K, 


Energy transfer cross-section <!“ and the experimen- 
tally derived prohabilitj’' calculated from the de- 
activation rate constant qjj at different tempera- 

tures using equations 2.4 and 2.5 and are presented in 
Table 1, The complete experimental data for C02-CH^OH system 
is presented in Tables 2-4. 


Table 1 

Rate constants, cross-sections and probabilities of energy 
transfer from C02(00°l) to CH^OH* 


T®E 


o2 

<r A 

Px10^ 

305 

172 + 18 

0.92 + 0.09 

2.04 + 0.22 

400 

112 + 15.9 

0.69 + 0,od 

1.53 + 0.22 

500 

65.4 ± 7.2 

0.45'+ 0.05 

1.0 + 0.11 


* The error limits correspond to 95% confidence limits. 


** This was quoted in Chemical Abstracts 81-70650 h, and the 
technique with which this was obtained was not mentioned. 
The original paper is in Russian language and is publi- 
shed in ’’Khim.Vys. Energ. 8,283 (1974).” This could not be 
refered to because of unavailability. 
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results 

General Comments 

Any nonlinear polyatomic molecule contains, in addi- 
tion to its 3n-6 (-where n is the number of atoms in the 
molecule) fundamental vibrational bands, a large number of 
difference, combination and overtone bands. Hence a poly- 
atomic molecule is likely to have several energy levels in 
any given energy interval and this number increases with the 
number of atoms in the molecule. Therefore many Y-Y energy 
transfer processes may occur during the collision of a 
C02(00°1) molecule with any polyatomic molecule. 

However, all these 7-7 processes may not contribute 
significantly to the deactivation of the C02(00°1) mode. 

The magnitude of the observed deactivation rates and their 
decrease with temperature suggest that near-resonant 7-7 
energy transfer processes are likely to play a major role 
in the deactivation of the C02(00°1) mode. An idea of the 
relative contributions of these processes to the deacti- 
vation rate can be had by looking at the four points dis- 
cussed below. 

1 . Energy mismatch C6E) 

In the following 7-7 process 

002(00^1) + CH^OH(O) 002(020) + CH^OH(i>g = 1053)+AE =30 cm' 

4.2 
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the energy that has been released by the CO2 molecule has 
not been completely taken up by the Methyl alcohol molecule. 
This difference in the energy exchanged, V/hich has to go 
into the translational and rotational degrees of freedom of 
Methyl alcohol, may be called the energy mismatch C6E) , If 
in any process is small, typically less than about 100 to 
150 cm , that process is called a near-resonant process. 
Theoretical calculations of Sharma and Brau,as ’well as the 
more refined calculations that follo-wed later, indicated that 
the energy transfer probability falls off steeply in such 
processes as the energy mismatch increases. Thusj/£iE is one 
of the important indications of the relative magnitudes of 
the transition probabilities for different V-V processes, 
though exceptions to this exist as in the case of Hydrogen 
Halides in -which rotational effects are important^^, 

2. Transition multi-pole moments 

Sharma and Brau theory has indicated that the energy 
transfer probability for a near resonant process is pro- 
portional to the product of the multipole moments of the 
transitions involved. Hence, processes involving weak bauds, 
i.e. difference bands, may be neglected in comparision with 
processes involving strong bands, i.e. fundamentals, other 
things being the same. 
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3. Quantum number changes 

As Moore has pointed outfit may he considered as a 
rule of thumb that the probability for energy transfer to 
occur during a collision decreases as the total number of 
quantum number changes involved in the process increases. 
Hence, other things being the same, processes that Involve 
less number of quantum number changes are more important. 

4. Energy level populations 

Molecules occupy different energy levels according 
to the Maxwell-Boltzmann distribution. So, the number of 
molecules in any energy level decreases exponentially as 
the energy of that level increases. Thus, possibly except 
at hi^er temperatures or -when the first vibrationally 
excited level is close to the ground state, transitions 
originating from the ground vibrational state of the colli- 
ding partner are predominant. 

These criteria are used in the following to decide 
■whether a particular process can compete with other possi- 
ble processes in contributing significantly to the total 
deactivation probability. 
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I1TTEFPP5TATION OP CO^-CH^OH miA 


The fundamental vibrational frequencies of Methyl 
alcohol (CH^OH) have been tabulated by Shimonouchi^^. It 
■was observed that this Alcohol is transparent to radiation 
•with frequency around 2349 cm -^which corresponds to the 
>0 transition in CO 2 . However, it has a very strong 
absorption band at 1033 cm""* (■>5g) identified with the C-0 

_"l 

stretch vibration and a weak absorption band at 1060 cm 
identified with the CH^ rock. Both these bands are 
near-resonant with the transitions!)^ — > 21)2 
in CO 2 . Thus? the transitions in CH^OH corresponding to 
these bands are likely to play a dominant role in ’the de- 
activation of 002 ( 00 * 1 ) through the following processes 

002 ( 00*1 )+CH^0H(0) — > 002 ( 020 )+ 0 H 50 H() 3 g=i 033 )-biL'i) a 30 cm""* 4.3 

— » 002 ( 020 )+OH^OH(i)^= 1060 )+£:iE = 3 cm""* 4.4 

— ^ 0 O 2 (lO 0 )+ 0 H^OH(i)Q= 1 O 33 )-» 4 iE = 73 cm""* 4.5 

— > 002(1 OO)+0H^OH(^y=1O6O)-K:^E =-100 cm""* 4.6 

■'Process 4 . 6 , in addition to involving a weak band of 

the alcohol, involves a hi^er energy discrepancy (^E) 
than the other processes. Thus, the contribution of this 
process to the total deactivation probability may be ex- 
pected to be small and hence has been neglected in the 
following calculations. 
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PROBABILITY CAlCmTIOMS 

Landau and Teller^^ derived an expression for the 
temperatuce dependence of the energy transfer probabilily 
during a collision by a purely classical treatment for a 
vibration to translation (7-T) process. Assuming that only 
a repulsive exponential potential exists between the colli- 
ding molecules » they concluded that the probability varies as 
exp(-T'‘^^^) . Later Schwartz, Slawsky and Herzfeld (SSH)^^ 
derived the same result with an approximate three dimensional 
quantum mechanical treatment. In the case of Y-T processes, 
where the energy that has to be absorbed by or rejected into 
the translational degrees of freedom is large, the magni- 
tudes and the temperature dependence of tbe energy transfer 
probabilities predicted using this theory are consistent 
with experimental results in many systems. In the limit of 
— > 0, i.e. for near-resonant processes, this theoiy 
predicted a. positive temperature dependence. But the process 

COgCOO^l) + > COgCO) + +^E = 18 cm~”^ 4.7 

which is a near-resonant process, exhibited a negative 
temperature dependence in the range of 300-1 000 SSH 
theory not only failed to predict the observed negative 
temperature dependence but estimated a value for the pro- 
bability at room temperature which is four times smaller 


, than that observed. 
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1 2 

Later, Sharma and Brau developed a theory which 
takes into account long range intermole ctilar forces. This 
theory successfully predicted the magnitude and temperature 
dependence of the energy transfer prohahilities for the pro- 
cess 4.7. Since then^this theory has been widely used to 
estimate the energy transfer probabilities for near-resonant 
processes ’ ^ . Even though this theory predicts a nega- 

tive temperature dependence for a near-resonant process, a 
positive temperature dependence is also predicted as AE is 
increased but the probabilities are considerably smaller. 
Recently, Sharma^ showed that, refining the earlier theory 
by using Second order distorted wave Born approximation, 
does not improve the accuracy of the earlier simpler cal- 
culation while requiring a considerably larger computation 
time. Tam has suggested a modification of the simpler 
theory. However, in view of the other app- 

roximations in the method ( in fact, recently a controversy^^' 
has arisen about the origin of the T""^ dependence obtained 
in this theory) the SB theory in its original form”'^ has 
been employed in oiir calculations. 

Further, in all the systems we will be considering 
in the following, none of the transition dipole moments 
required to calculate the probability by SB theory are 
available. So, in the following we have inverted the 


21 
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procedure and estimated the transition moments using the 
experimentally measured probability. !Ehese estimated tran- 
sition moments are approximate, and their reliability largely 
rests on the assumption that SB theory reasonably predicts 
the V-V transfer probabilities in these systems. 


The experimentally derived probability can be written 


as 


exp 




4.8 


where the summation extends over all the possible processes 

i that cause the energy transfer, a^ is the square of the 

dipole moment of the transition of M involved in the process 

i and p^ is the calculated energy exchange probability for 

the i'*'^ process using SB theoiy but assuming a value of 

unity for the square of the transition dipole moment of M. 

Then^a least squares method can be employed to obtain 

A similar method has been employed earlier to estimate the 

51 

transition dipole moment of CS and those of the 
^ ^ ^ 0 transitions in 


The molecular constants used in the calculations 
are given in Table 5. Methyl alcohol is assumed to be an 
oblate symmetric top molecule. The energy transfer proba- 
bilities calculated using the SB theory for the processes 
4.3 to 4.5 are presented in Table 6. 



44 


Table 5 


Molecular aud other constants used in SB theory calculations 


Molecule 

Hard sphere 
dia. 

Rotational constants cm 
ABC 

Ref. 

CO 2 

4.0 

0 

0.39 

0 

53,69 

CH^OH 

3.585 

0.793 

0.822 

4.26 

53,54 

CH^OB 

3.585 

0.733 

0.781 

3.65 

54 

C2H^0H 

4.455 

1.11 

0.304 . 

0.267 

53,56 

O2H4O 

4.33 

0.85 

0.738 

0.47 

59 

CH^CHO 

3.585 

1 .888 

0.339 

0.304 

68,69 

HCOOH 

4.455 

- 

- 

- - 


CH^COOH 

* 

4.333 

- 

- 

- 

71 


The squares of the transition dipole moments of CO 2 are'^^ 
^ 0 ) = 1 ,0 X esu^cm^ 

002^'"^^ — '>^* 1 )= 1 *44 X 10”^^ esu^cm^ 

002(^5 — ^2^2)="^ *22 X 10 “^^ esu^cm^ 

* * 
Calculated from critical constant, V = 170.9 cm^/gm.mole 

c 



45 


Table 6 


Calculated Energy !Dransfer probabilities for different 
processes of C 02 -CH^ 0 H system 


T°K 

P3x10'^5 

p^xlO"^^ 

P5Xl^^^ 

305 

1 .09 

1.33 

0.2414 

400 

0.86 

1 .01 

0.2887 

500 

0.704 

0.809 

0.3095 


It can be seen from the Table 6 that the sum pf the 
probabilities for processes* 4.3 and 4.5, both involving 
the i)g — ^ 0 transition in alcohol, is sli^tly larger than 
that for process 4.4. In addition to this, it may be infered 
from their relative IE absorption intensities'^^ that the 
transition dipole moment for the process — > 0 is consi- 

derably smaller than that of the Og — ^ 0 transition. So, 
the process 4.4 can be neglected. The experimentally deri- 
ved probability for this system can now be written as 


P 


exp 



0) (pj 



4.9 


where p^, p^ are the calculated probabilities using SB 
theory for the processes 4.3 and 4.5 while a ^ O) is 

the square of the dipole moment for the transition i)g — >» 0. 


Jalues ^e obtained by assuming unity for the unloiown 
transition dipole moments (squares) of . M. 
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A least squares analysis of the data presented in Tables 1 & 6 
yielded the following value for a (Dg — s>>0) 
a('i)g — i^O) = 1.33 X 10"'^'^esu^cm^ 

Ko attempt has been made to estimate the error limits to the 
transition dipole moments here and in the subsequent calcula- 
tions, since the reported values are only approximate. However, 
more than the errors introduced by the least squares calcula- 
tions, the limiting factor could be the applicability of SB 
theory for such calculations in polyatomic molecules. It is 
likely that short range repulsive forces may also contribute 
to the total probability when the energy discrepancy is larger 
(AE-2:^100 cm””*). But the contribution due to these forces, 
which may be expected not to be large, has been ignored in 
this and the subsequent calculations. In the light of these 
comments the value of the squares of the transition dipole 
moments estimated in the present work, should be considered 
only approximate. 


C02-CH^0I) 


The deactivation of C02(00°1) mode in collisions 
with Methyl alcohol-d (CH^OB) has been studied for diffe- 
rent compositions and at five different temperatures in the 
range of 300-600°K. As in the case of Methyl alcohol, the 
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fluorescence signal is observed to be a single exponential 
in all the experiments, The complete experimental data for 
the system C02-CH^0D is presented in Tables 7 - 11. The ana- 
lysis of the data is similar to that of Methyl alcohol and 
hence the details are not repeated here. The temperature 

dependence of the deactivation rate constant Kqq qp is 

2 3 

presented in Pig. 8. The collision cross sections and the 
energy transfer probabilities calculated from this constant 
according to the equations 2.4 and 2.5 and are presented in 
Table 12 at different temperatures. 


Table 12 


Rate constants, cross-sections and probabilities of energy 
transfer fhom C 02 ( 00 ° 1 ) to CH^OD 


T°K 


o2 

or A 


P^^xlO^ 

exp 

301 

102.5 ± 8.2 

0.55 . 


0.05 

1 .22 

± 

0.07 

375 

93.9 ±14.7 

0.57:> 

jr 

0.09 

1 .25 

± 

0.19 

450 

71.6 ±11.6 

0.47 


0.08 

1 .04 


0.17 

525 

46.4 ±10.9 

0.33 ■ 


0.08 

0.73 

+ 

0.17 

600 

57.0 ± 4.4 

0.43; 


O 

• 

o 

0.96 

Hh 

0.09 
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IIT!EERPKE!PATION OF RESULTS 

i 

The decrease with temperature and the magnitude of 
the deactivation rates suggest that long range multipole 
interactions are primarily responsible for the transfer of 
energy from the asymmetric stretch mode of CO 2 to Methyl 
alcohol-d. The fundamental vibrational frequencies of this 
molecule are tabulated by Shimanouchi^^. This alcohol is 
also transparent to radiation with frequency around 
2349 and hence it is unlikely that the transition ; 

— > 0 in CO 2 will occur during collisions. The possible 
deactivation of 062 ( 00 ®! ) can be throu^ the y 2^2 | 

transitions since there are three fundamental I 

' i 

1 

frequencies in GH,0D that lie in the energy range of these ! 

^ i 

transitions. These are-* (1) a very strong band at 1040 cm" i 

(^q) identified as the C-O stretch, (ii) a strong band at | 

864 cm"^ (^g) which is the O-p bend and (iii) a very weak I 

band at 1160 cm" (^-|i) named as CH^ rock. Gliese bands are 
likely to deactivate the 002 ( 00 ®!) mode throu^ the follow- 
ing processes ! 

' i 

j 

062 ( 00 ®!) + CH^OP(O) 062 ( 020 ) + GH^0P(l)g= 1040)+AE = 23 cm"*’ 4.10 

062 ( 100 ) + CH^0D(:i»g= 1040)-haE =-80 cm"*’ 4.11 
002 ( 100 ) + GH^0p(i>g= 864)-WiE = 96 cm"*' 4.12 
— ^ 002 ( 020 ) -I- GHj0D(25^^=1160)47aE =-97 cm"** 4.13 
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Even thou^ the energy mismatches in processes 4.12 and 

4.13 are the same, the transition ^ 0 is veiy weak and 

hencejthe process 4.13 involving this transition can he 
neglected. 

PROmBIUgr CALCUIATIOES 

The energy transfer prohahilities for the processes 
shown in 4.10 ~ 4.12 have been calculated using SB theory 
taking into account dipole-dipole interactions. The mole- 
cular constants used in these calculations are listed in 
Table 5. The molecular diameter of CH^OI) is assumed to be 
the same as that of CH^OH. The transition dipole moments for 
the transitions involved for this alcohol are not available. 
The calculated probabilities for the above processes using 
SB theory, and assuming that this alcohol is an oblate symme- 
tric top as in the case of Methyl alcohol, are presented in 
Table 13. They decreased with increasing temperature for 
process 4.10 for whichAB is small and increased as the 
temperat\n:e is increased for processes 4.11 and 4.12 where 
the energy mismatch (AE) is somewhat larger. 

The total deactivation probability for this system 
can be written as 

^exp ” ^^10''"^11^ ^ ^12 


4.14 
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Table 13 


Calculated Energy Transfer probabilities for different 
processes of C 02 -CH^ 0 D system 


T®K 

O 

Ol 

VJl 



301 

1.207 

0.1921 

0.1081 

375 

0.9842 

0.2368 

0.1366 

450 

0.8322 

0.2698 

- 0.1641 

525 

0.7216 

0.2909 

0.1878 

600 

0.6373 

0.3020 

0.2064 


where, as earlier, is the probability for the process 
4.i and a’s are "the squares of the transition dipole moments. 
A least squares analysis of the data presented in Tables 12-^3 
resulted in 

a(i^Q — ^ 0) = 0.9 X esu^cm^ 

> 0) = 0.16 X 10‘'^'^esu^cm^ 


These moments are in agreement with the relative 
intensities of the transitions as reported from spectro- 
scopic measurements^^. Thus the transition O^which 
is termed very strong, is 6-7 times larger than that of 

^ y 0 which is designated as strong. 

¥ _ 


Values obtained by assuming unity fc 
transition dipole moments (squares) of M. 


the urdaiown 
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COMMENTS 

The introduction of a Deuterium atom in the place 
of the Hydrogen atom has decreased the rate of the deacti- 
vation of the COgCOO^O level hy 1009^. In Methyl alcohol 
the C-0 stretch ^ 0 transition is deactivating the 

COg asymmetric stretch level throu^ "both ^ 2^2 

transitions. In the Deuterated alcohol, in addi- 
tion to the above mentioned processes, another strong tran- 
sition — > 0, the CH^ rock, is also contributing to the 

deactivation. It should also be noted 'that our results 
indicate that Deuteration has reduced the strength of the 
C-0 stretch band in Methyl alcoholCthe transition dipole 
moment is reduced from 0.366 de'tye to 0,3 debye)* However, 
both these bands are termed very strong* So the true moments 
of these bands should perhaps be a little closer* 

CO2-C2H5OH 

The quenching of the asymmetric stretching mode of 
CO2 in collisions with Ethyl alcohol has been studied at 
different compositions at five temperatiires in the range 
of 300-6 00 ®K, For all the runs taken, the semi logarithmic 
plot of fluorescence signal intensity versus time exhibited 
a straight line employing a single exponential decay. The 
complete experimental data at different temperatures for 
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this system is presented in Tables 14-18. The data has been 

analysed in a fashion similar to that of C 02 -CHj 0 H system 

and is not discussed here. The temperature dependence of 

the deactivation rate Kqq g is presented' in Pig. 9. 

2 2 5 

Prom these rates, the collision cross-sections and the ener- 
gy transfer probabilities have been calculated and are pre- 
sented in Table 19 at different temperatures. 


Table 19 


Rate constants, cross-sections and probabilities of energy 


transfer from COgCoo^l) to CgH^OH 


T°K 



torr""^ ) 

o2 

tr A 

P^^xlO^ 

exp 

301 

209. 


2^.5 

1.27 

+ 0.18 

2.27 

+ 0.81 

375 

141 

+ 

5.8 

0.96 

+ 0.04 

1.72 

1+ 

o 

o 

450 

101 

+ 

18.3 

0.75 

+ 0*19 

1.35 

CM 

• 

o 

+1 

525 

77.1 


6.6 

0.62 

± 0.05 

1.11 

+ 0.1 

600 

70.2 

± 

9.4 

0.61 

+ 0.08 

1.08 

O 

+1 


INTERPRETATION OP RESULTS 

A close observation of the deactivation rates pre- 
sented in Table 19 reveals that the deactivation of the 
^COgCoo^l) mode in collisions with Ethyl alcohol is again 
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PROBA.BILICT' CALCUIATIOMS 

Th*? energy "transfer probabilities have been calcu- 
lated at different temperatures using SB theory for process 
4.15 by taking into, account only "the dipole-dipole inter- 
actions and assuming a unit value for "the "two unknown 
CgH^OH transition moments. Then the experimental probabi- 
li"ty can be written as 

^exp = ^^15 P16 

where a's are squares of the appropriate transition dipole 
moments. However, both the processes 4.15 3ud 4.16 have 
the same energy mismatch (AE ==-4 cm*" ) and hence- the same 
temperature dependence. Therefore, "their ratio is given by 
the ratio of "the squares of "ttie transition moments of CO 2 
as follows. 

P-j^/p^g = a()^^~^0)/a (’^ — ~ 1x10 ^'^/1.22 x 10 82 4.19 

Therefore 

^exp = C®2 ^0) + a(i>^-^0)] 4.20 

The molecular constants used in "the calculation of p^g are 
given in Table 5. Ethyl alcohol is assumed to be a. prolate 
symmetric top molecule. The results of the calculations for 
are presented in Table 20. A least square analysis of 
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this data according to equation 4.20 resulted in a value of 

1 »95x 10 'esu cm for the combined coefficient. Since 

— 5^0 is weak and — ^0 is very strong- in C2H^0H, the ratio 

— ^0)/a(-S^^ — ^0) is likely to be between 1000 to 100. For 

these limiting ratios the square of the dipole moment of the 

C-O stretch can be estimated from equation 4.20 as 1.8 xIO 
—57 2 2 

and 1.07 xIO esu cm respectively. 

Table 20 

Calculated Energy Transfer probabilities* for process 4.16 

of C02“C2H^0H system 


T®K 

p^g X 10^5 

301 

1.091 

375 

0.8783 

450 

0.7354 

5^25 

0.6359 

600 

0.5579 


COMMENTS 

This study reveals that all the three alcohols are 
very efficient in deactivating the 002(00*1 ) mode. In all 
the three cases studied, it has been observed that the veiy 

* . _ 

Values are obtained by assuming unity for the unknown 
transition dipole moments (squares) of, M. 
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strong C-0 stretch vihrational transition is mainly respon- 
sible for the deactivation. IHie milcnown transition dipole 
moments for the C-0 stretch mode in all the three alcohols 
studied are estimated though only very approximately for 
C2H^0H. The deactivation rate is about the same for the 
two alcohols CH^OH and 02^^011. 

C02-C2H^O 

The collisional deactivation of C02(00®1) mode with 
Ethylene oxide which has the same molecular weight as that 
of CO 2 , has been studied at foxjr different compositions in 
the temperature range of 300-650®K. The fluorescence signal 
intensity again displayed a single exponential decay for all 
the experimental runs taken. The deactivation rates 
Kco _c H 0 estimated at different temperatures by ana- 
lysing the data in the same lines as in the case of C 02 -CH|j 0 H 
system, and the tempera turfe dependence of the rate is plotted 
in Fig. 10. The complete experimental data has been presented 
in Tables 21-28 at different temperatures. The experimental 
cross-sections and the energy transfer probabilities cal- 
culated from the deactivation rates by using equations 
2.4 and 2.5 are presented in Table 29 along with the rate 
constants at different temperatures. 
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TABLf 

TEMPERATURE {K)= 301.0 CARBONDT 0 X 1 0 E-ETHYLEHE 0 X?DE 

(PRESSURE (P) IN TORR ANC TOWINVEPSE {'t' ) JN INVERSE MILLISEG. 5 
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Table 29 


Rate constants, cross-sections and probabilities of energy 
transfer from C02(00®1) to C2H^0 


T°K 

Kqo2_m^“®”** torr"^ ) 

o2 

<r A 



301 

lOt^ + 31 

0.5-^- + 

0.18 

1 .08 

± 

0.33 

350 

94.7+ 22.4 

0.59; + 

0.14 

1 .09 

± 

0.33 

400 

94.9+ 17.7 

0.641- + 

0.12 

1 .17 

± 

0.26 

450 

93.5+ 12.8 

0.67'' + 

0.09 

1 .22 


0.22 

500 

67.0+ 16. 5 

0.502 + 

0.13 

0.92 


0.17 

540 

62.5+- 7.2 

0.49 + 

0.06 

0.90 


0.23 

600 

67.2+ 10.4 

0.552 + 

0.08 

1 .01 

+ 

0.1 

650 

55.5+ 7.3 

0.47^^ + 

0.06 

0.87: 


0.16 


T!'7trrpr?;t;. tto:; ct nssirrs 


Ethylene oxide is also an efficient collision partner 
with a rate comparable to that of Methanol-d. Such hi^ 
energy transfer rates and their decrease with increasing 
temperature suggest that near-resonant Y-Y energy transfer 
processes are of primary importance in the deactivation of 
the 002(00^1) mode. Following the vibrational assignments 
of lord and Nolin^"^ and Thompson and Cave^® for Ethylene 
oxide molecule the following processes need to be considered. 
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C02(00®1) + C2H^0(0) — ^ 002(0) + C2Sj^O0=2312)+^B = 37 cm'"’' 4.21 

— > 002(0) + 02H^O(^=2394)+4\E =-45 cm"^ 4.22 

— ^ 002(0) + 02H^0(i)=2269) + i-'iE= 80 4.23 

— ^ 002(0) + C2H^OO)=2451 )+AE =-102 cm””' 4.24 

002(1 00 )+02H^0(::)^=877)+4j.E = 83 cm'*^ 4.25 

—> 002(1 00)+02H^O(l)^ 2=892 ).+/>E = 68 cm"*’ 4.26 

The transitions in 02^^© in the first four processes (ie. equa- 
tions 4.21 - 4.24) are weak whereas those in processes 4.25 and 
4.26 are veiy strong. 

PROBABILITY 0AL0UIATI0IT5 

The dipole moments of Ethylene oxide transitions for 

none of the above processes are available. !Ehe energy transfer 

probabilities for all the above processes are calculated using 

SB theory where only the dipole-dipole interactions ore asstmed 

to contribute and are presented in Table 30. It is assmed that 

Ethylene oxide may be approximated by an oblate symmetric top 

molecule and the molecular constants used are given in Table 5. 

A close look at the probabilities in Table 30 reveals that 

the probabilities decrease with increasing temperature for 

.-1 

processes 4.21 and 4.22 where 4 j.E is 37 and -45 cm respectively, 
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shows a "broad maximiun around 500 for process 4.23 where AE is 
80 cm"^ and finally shows a positive temperature dependence as 
is further increased to 102 cm”^ in process 4.24. The 
probability for process 4.24 increases by 3 times from 300 to 
650®K whereas for processes 4.21 andi 4.22 the decrease is by 
about a factor of two in the same temperature range. The expe- 
rimentally derived probability for this system can be written 
as 

^25 ®25 * ®26 P26 

where the summation extends over the first four weak processes. 
It is a common practice to report the combined coefficients for 
weak bands^^. Using a similar approach, equation 4.27 can be 
rewritten as 

= Pi + ^<^ 5 — *- 0 > P25+a(^12 — ^26 

t 

The experimental probabilities at different temperatures are 
used to find out the dipole moment squares for the transition 
shown in processes 4.21 - 4.26. The values obtained using least 
squares analysis are 

-’SQ 2 2 

a , = 0.17x10 ^^esu cm 
weak 

— ^0) = 0.66 X 10“^*^esu^cm^ 
a (^2^ — >0) = 1.8 X lO'^'^esu^cm^ 
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These values are in accordance with the relative spec- 
troscopic absorption intensities^"^* Thus the calculated 
value; for the combined strength of the four bands which are 
reported to be weak, is about three orders of magnitude smaller 
than the very strong 3)^2 — ? ^ transition. However, the values 
for a(l)^ — >-0) and a(23^2 — differing by a factor of about 
2,3 even thou^ both are reported to be very strong. 


C02-CH^CH0 


The deactivation of the C02(00°1) mode in collisions 
with Acetaidehyde, whose molecular weight is the same as that 
of CO 2 and C 2 H ^0 has been studied for different compositions in 
the temperature range of 300-650°K. In all the experimental runs 
the deactivation of this mode followed a single exponential 
decay which is deduced from the semi logarithmic plot of fluo- 
rescence signal intensity versus time. The deactivation rate 


constant is deduced along the same lines as has 

2 3 

been described previously and its temperature dependence is 


presented in Pig.H. Ihe complete experimental data taken on 
this system is presented in Tables 31-36 at different tempera- 
tures, The collision cross-sections and the energy transfer 
probabilities calculated using equations 2.4 and 2.5 are pre- 
sented' in Table 37 along with the deactivation rate at diffe- 
rent temperatures. 
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TABLE 

TEMPERATURE CK}= 450.0 , CARBOMDIOXOE-ACETALDEHYOE 

(PRESSURE (P) IN TORR AND TOWINVERSE <t'^) IN INVERSE MILLlSEC. ) 
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Table 37 


Rate constants, cross-sections and probabilities of energy 

«. * 

transfer from C02(00°1) to CH^CHO 


T®K 

^C02-M^“® 

torr"^ ) 

O' 

OTA 

2 

xIO^ 

exp 

301 

48.6 

+ 

10.7 

0.28.; + 

0.06, 

0.61 

-f- 

0.134 

375 

42.4 

+ 

1 .2 

0.2^ ± 

o.oi-: 

0.594 


0.017 

450 

32.4 


3.8 

0.23 ± 

0.C3,' 

0.498 


0.059 

525 

30.9 


5.0 

0.23. + 

0,C4ti 

o 

• 

o 

+ 

0.083 

600 

24.4 


3.1 

0.20 + 

0.03-^ 

0.432 


0.055 

650 

26.5 


4.9 

0.23: + 

0.04- 

0.488 


0.091 


J':~~?T:RTA"0N OF RESULTS 


Among the seven molecules studied in the present work. 
Acetaldehyde is the least efficient in deactivating the C02(00®1) 
mode by collisions. The deactivation rates decrease as the 
temperature is increased. The negative temperature dependence 
of the deactivation rates may be ascribed to near-resonant 
V-Y energy transfer processes. Based on the vibrational fre- 
quencies^ tabulated by Shimonouchi^^ for the fundamental bandSj 
and those of Evans and Bernstein^”' and Morris^^ for mixed and 
over- tone bands, it appears that a number of processes r 
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contribute to the total deactivation rate, These are given below. 

C02(00‘"1) + CH^CHO(O) — > C0^{0)+CH^CE0( ^ ^24-64)+ =-115 cm"^ 4.^ 

— ^ C02(0)+CH^CH0(25=2218)+A.E = 151 cwT^ 4.' 

— ^ C02(0)+CH^CE0(3)=2282)+aE = 67 cm"'' 4.' 

— > C02(O)+CH^CH0(i)=2325)+al = 24 cm"'' 4. 

C02(l00)+CH^CH0(i)g=919) + AE= 41 cm""' 4.3 
— ^ C02(020)+CH5CHO(^g=1113)+AE=-50 cm"'' 4.3 

PROmSILITY CAICUIATI013S i 


The calculation of energy transfer probabilities using 
SB theory has been carried out at different temperatures for 
all the processes shown above. In these calculations it ie 
assumed that the contribution due to dipole-dipole interactions 
is dominant and the proceedure followed to estimate the unknown 
transition moments is the same as before. The molecular cons- 
tants used in these calculations are presented in Table 5 and 
Acetaldehyde molecule is apnroxima ted by a prolate symmetric 
top.. The molecular diameter of CH^OHO is assumed to be the same 

ftfi 

as that of. CH^OH as is done by Stephenson . The calculated 
probabilities are presented in Table 38. These probabilities 
show a negative temperature dependence for processes 4.32 and 


vl 



Calculated Energy Transfer probabilitie 
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— 1 

4.33 where ZiE is 24 and 41 cm respectively, exhibit a. 
maximum at around 600 ®K and 450®K for processes 4.31 and 4.34 
as /Si E is increased to 67 and -50 respectively and finally 
shows a positive ten 5 )erature dependence as4E is further in- 
creased to -115 and 131 cm“!^ respectively for processes 4.29 
and 4.30, No atteii^jt has been made to estimate the contri- 
bution of short range forces to these processes. The experi- 
mentally derived probability for this system can be written as 

^exp = ^^weak^ Pi+a(^^— ^0) p^^ 4.35 

The first four processes 4.29-4,32 involve weak transitions 
and their coefficients are combined as in the case of C 2 H^ 0 . 

The three transition moments in 4,35 are then obtained by the 
least squares method. The values obtained are 

a^eak - 0,3 x 10"^^esu^cm^ 

a(^ — ^O) =: 0.15 X 10”^^esu^cni^ 

a(3Dg-_^0) « 0.21 X I0’*^'^esu^cm^ 

The relative magnitudes of these numbers are in accord with the 
spectroscopic observation^®*^** thati)g— ^0 transition is 

strong, l}g—^0 is medium while the remaining four are weak. 



94 


COMrffiM)S 

All the three molecules CO^, C 2 H^O and CH^CHO have the 
same molecular wei^t. However , they differ considerably in 
their rate of deactivation of CO^Ci^^), Ethylene oxide being 
two times more efficient than Acetaldehyde. The higher rate of 
deactivation by is due to the two very strong fundamental 

bands at 892 and 877 cm with hi^ transition dipole moments. 

In Acetaldehyde, in addition to the four weak bands, the bands 
and designated as 50 stretch and CH^ rock are responsi- 
ble for the deactivation. The latter two are characterised as 
only strong and medium respectively. Thus, the transition dipole 
moment squares in Acetaldehyde are much smaller than that in 
Ethylene oxide and hence the lower rate compared to Ethylene 
oxide, 

CO^-HCOOH 

The rate of quenching of the C02(00°1) mode in collisions 
with Eormic acid has been studied at three different tempera- 
tures namely 501,350 and 400®K at different compositions. It 
should be noted that due to the large deactivation rates only 
mixtures with less than 1.59^ at 301 and less than 5 % at 
400 could be studied, Eor all the experimental runs the 
fluorescence decay is observed to be a single exponential. 
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The data is analysed along the same lines as for the C02--CH^0H 
system, !Qie complete experimental data on CO 2 -HCOOH system is 
presented in Tables 59-41 at different temperatures. The tem- 
perature dependence of the deactivation rate constant Kqq _jjqooh 
is shown in Fig. 12. These rates along with the collision cross- 
sections and the energy transfer probabilities calculated 
using equations 2,4 and 2.5 are presented in Table 42 at diff- 
erent temperatures. However, it is shown below that because of 
dimer formation K^q -HCOOH above can not be attributed 

to collisions between CO 2 and HCOOH. 

Table 42 

Rate constants, cross-sections and probabilities of energy 
transfer from C02(00®1) to HCOOH 




exp 


336 + 23 
249 + 50 
140 + 22 


1 .98 + 0.14 
1 .58 + 0.52 
0.94 + 0.15 


3.52 + 0.25 
2.82 ± 0.56 
1.69 + 0.27 
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KC CC2-l-CCCh)= 33€+23* { MILLI SEC.TCRR ) 



10t 


I NTERPRETj^. TI OH OP . BES UlTS 

In the following we first ignore the dimer formation. : 
The deactivation rate of the C02(00°1) mode in collisions with 
Pormic acid (HCOOH) is about two orders of magnitude hi^er 
than that with CO2 itself at room temperature and the rates ; 
decrease as the temperatiire increases. This again suggests 
that near-resonant Y-Y energy transfer processes could play 
the dominant role in the deactivation of C02(00®1) mode. The 
fundamental vibrational frequencies of Formic acid are tabu- 
lated ly Shimonouchi^^. There is no fundamental band to quench 
the 002(00^1 ) to the ground state, but there is a weak mixed 
band at 2325 cm“^^^^\ The C02(00°1) can also be deactivated ; 

by a strong fundamental band at 1105 cm'’^(i^g) identified as ; 

the C-0 stretch band and a weak band at 1033 cm*"* through i 
the;^^ — 2^2 and transitions in CO2. Hence the likely 

processes occuring in the deactivation of C0o(00°l) level are 1 

^ i 

002(00^1) + HCOOH(O) — ^002(0) + HCOOH (i)=2325)+AE = 24 cm""* 4.3 

! 

, 0 1 ■ -r - — ^C02(020)4-HCOOH(l-'>g=1105.)+AE =-42 cm”^ 4.3 

— > C02(020)+HCOOH(i)q= 1033) + AE = 50 cm””’ 4.3 
* ^ 002(1 00)+HC00H(i)q= 1033)+AE =-73 cm””’ 4.^ 

Ho attempt has been made to obtain the dipole moments I 

of the transitions of HCOOH involved in the above processes for 
the followiijg reasons. 
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1. The experiments could not be carried out beyond 425 at 
which temperature Formic acid starts dissociating. 

2. More importantly, even within the temperature range studied, 
part of the Formic acid exists in dimeric form because of 
association. The associative nature of this molecule is well 
studied^^ and it has been observed that the dissociation 
constant K of the dimers is related to the temperature as 


log K = 10.755 - 3090/T 


4.40 


in the temperature range 283-430 °E. Here E is in mmHg and 
T is in ®E. Simple calculation from this relation revealed 
that at room temperature about 64?^ of the Formic acid is 
present in the dimeric form and dimer concentration falls 
to about 1.0$^ at 400®E at a total pressure of 5 torr. 
Further, the dimer concentration increases somewhat with 
increasing pressure. Due to this pressure dependence of the 


concentration of dimers the determination •f '’'’^oll^ 
from the graph of v versus P is not reliable. 


-1 


Evidently the observed decay constant represents 

the deactivation of CO^COO^I) mode by monomers as well as 
dimers and their individual rate contributions could not 
be separated. In view of this, the value of Eqq _hoooH 
obtained by extrapolation of to 100% of HCOOH cannot 

be attributed to collisions between CO^ and HCOOH, Thus 
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the processes 4.36 - 4.39 represents the deactivation of 

C 02 ( 00 ® 1 ) only due to collisions oc curing in the mixture 
with HCOOH monomers, !Do get a complete picture of the de- 
activation processes the energy exchange between CO 2 and 
HCOOH dimers must also be included. 


COg-CH^COOH 


The collisional deactivation of the C02(00°1) mode with 
Acetic acid has been studied at different compositions and 
several temperatures in the range of 300-750°Ki As in the case 
of the previous systems the fluorescence decay is a single 
exponential. The complete experimental data has been presented 
in Tables 43—50 for different temperatures. The deactivation 
rate constant has been estimated from the fluorescence signals as 
for the other systems. Ohe temperature dependence of this dea- 
ctivation rate constant cqOH presented in fig. 13. 

2 3 

The collision cross-sections and the energy transfer probabili- 
ties calculated using equations 2,4 and 2.5 at different tempe- 
ratures are presented in Table 51 along with the deactivation 
rate constant. As in the case of formic acid, there is a 


difficulty in the interpretation of qooh 

23 

only at temperatures below 500®K. 


also 


though 




1 

1 

1 

1 



1 


1 

1 



1 r-l 

Q 

1 

, 1 



1 rHf 

|*w* 

1 


6 

7 

0 

4 

7 

8 
9 
7 
1 
0 
3 

0 

2 

2 

4 
9 
2 

5 
0 
2 

6 
2 

1 * 

U 

1 

in T 1 


* «» ♦ # « !^i. • # «» W ' 

1 o 

<1 

1 

£ vl 

NO- 4 ’ 0 ^rH!O'h'Noro«Orom 

0 't*MO 4 cv'Onsj 9 »*^»^ifvr^O'O 

1 

u 

1 


^w\M("'irmrnrMou<\josicn 

1 <M 

|mt 

1 

« 1 



1 m 

|m«i> 

1 

O 1 



1 « 

m : 

1 




l M) 

u 

1 

1 



1 


1 

1 

fl 9 



9 

■f 

r 



9 11 

«j ---- 

1 

K 1 

2 

2 

1 

1 

8 

8 

1 

1 

7 

7 

6 

sD o IT. 'iT. r*"» c- iX’ ^ 

t ^ 

o • 

1 

■ a 9 



I i/i 

IM-O 

1 

t 

CSJ CM r-l f -4 O' O' .cr? CO <? Mi lA 

<r 0 ) ffi f «-4 r-i fv cv tv 

1 OJ 

X MU 

1 

f 

iHt rHf ' r »4 rHI 


1 a 


o 

O 

z: 

u 

C3D 

cyr 
< 
u 


SL 

tu 

</^ 

Of. 

lU 

> 


o 

U> U.J 

r* a, 


j i 

u: ^ 

t;;.y 


w,; 


U'' aj t\' c\i IV CM 
♦ ««•###♦ 
r- cv a r-* r- fv u'' rn c^ CO fO sr 

u <3 vc* ui tn u', %r wi ST ur. io f»v sj- m csi rvj rv r«< 


fv o cj*. n s o fvj r* t-< u ^ ^ cvi 

**i» 

NO C O' 'T Mi OQ cr w » 


cy> 




I 

{ 






















1 

X { 

If'. 

IT 

<1* 

MT 

04 

04 

(HI 

CT 

OX 

o 

cr 

CT 

sr 

sr 

m 

m Om 

04 

CX' 00 

oy 



1 

C 1 

• 

« 

p 

• 

« 

• 

4 

• 

«• 

9 

c 

9 

♦ 

« 

«> 

ff 

ft 

# 

ft ft 

ft 


1 

r 

iv 

04 

r-< 

rH 

C' 

0,' 

O' 

O.,' 

CO 

C.) 

<? 

NO 

Ul 

U' 

sr 

sr 

O', 

O'; 

rH r— » 

IM 


W 

1 

i 

r-« 


p-l 



rH 
















m 

1 

I 

i 

i 






















OJ 

1 

r 






















(X 

UJ 

1 

1 

i 






















> 

Z' 

1 

1 

1 






















fiwri 

1 

1 






















, :s 

i 






















W ' 

c 

1 

wW 1 
‘M f , ) 

UT' 

vC’ 

O' 


r 

Osi 

Ci 

r— « 

r— » 

sr 

1 


0 

CM 

sr 

0 


O,’ 

o e" 

O' 

•j 

1^.. 

1 

• 

9 

t 

• 

• 

• 

• » 

• 

9 

9 

• 

• 

«• 

# 


. • 

• 

ft 

ft ft 

ft 

a.; 


1 

(V. 

a; 

sO 

x:.' 

tjf'i 

CXi 

sr 


O' ir\ 

0 

foH 

sO fO 

f-H 

fNt 

<> 

r- 

ox 

4J 

<i 


1 



vr 

•4 

M' 

<!• 

<r 

sr 


'4" 

ST 

rn 

4“ 01 

O'! 

tn 

o'> 

CM 

rsi 

t\j 

CM 


CJ 

1 

* \ 























1 

1 






















<i. 

1 

! 

J 

1 

1 

II 1 






















a. 


1 






















ex 

1 

X 1 


nO 

ai 

«7. 

Ai 

iv 

CD 

CO 

a* 

trj 

oi 

Cn* 

O' 

O' 

Mi 

M3 


O 

If if ' 

ST 


C,..' 

1 

. a, f 

« 

• 


• 

« 

9 

• 

* 

« 

9 

«> 

« 

• 

9, 

9 

II 

* 

ft 

ft ft 

ft 


H 

1 

t 

•M ' 


fTt 

o,. 

r.; 

tM 

C’ 

c; 

O' 

O' 

fr» 

CX) 

vO 


If- 

ir^ 

sr 

sr 

CM 

sr 


,'^'' 

1 

i 

i 

1 

! 


fpp"* 

r**i 

tm4 


r-* 

ir'< 

rH 















1 

t 

1 





















o o. 

1 























"sT vr <?’ 

« # 

rn 


c.} o 

» 6 

CNi 



ZD. 


^ 1 

MX 

Si' 'M' 

MJ 

S?' 01 

C7 r 

O 

U i 


ex 

MX 

Ml 

0; 

r- 

C,- 

C'J 

o 

a 

r— ■! 

a-' 

I 9 

i; 

VI 


c. 

^ I 

ft 

ft 

ft 

ft 

ft ft 

ft 

ft 

' ft 

ft' 

ft 

ft 

ft 

ft 

' ft 

ft 

« 

• 

ft' 

«' 

m 

fti 

1 


i/J 


r-^ 


O’' 

CT’ 

O 


r «x'» 


sD 

o'- 

r ;■ 

ti**, 

if 

lA 

rH 

f . '■ 

C'f 

C 

< 

C; ' 

i.r 

U' 

0,1 

I 


UJ 

i 



MX 

0* 

0- SO 

sT' .'T 

sr* 


VOi! 


to 

Sf 

fTt 

oi 

CJ 

r^i 

r— f 

04 

rH 

rH 

rH 

rH 

I ' . e'i 

(Hh-k* 

'd: 


w 

^ 1 






















'■' 1 o 


D 

1 

V, 7 

1 






















1 ' ' ' 9 

1.1 ‘ 

w 

























1 ' 'M 

O'’ 


* 




























l» 

1 























1 


f 
























1 l{ 

<•’ 


f 

V 


'r 

<■"■', 


M 

r. cv, 

o, 

'r-* 

r- : 



c 

c 

sT n1 

C[ 

e 

C" 

o 

•si 

sT 

C\] 

, ' 1 r-*. 

o-f 


1 


a i 

ft 

ft 

ft 

ft 

ft ft 

' ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

m 

1 '.t> ! 

u.= 




t 

M-' 


nT 

sr 

ot 

r' 

fNj' 

rv! 



CT 


r- 

r- 

u 


sr 

sr 

CM 

cs: 

O", 

' , 1 u:. 

a.. 


1 


t 

r— 4 

rH 

r»l 

r—* 

r-j 


r^' 

r- *• 


r-' 












f u 

'3t 


1 


1 






















1 

tl.' 


1 
























f ::sc: 

t";" 


1 


























<3 

Ci 

nU 

<¥1 

« 


t/i 

cc 

u. 


nD 

P-4 

# 

O' 

<t‘ 

' r\ 


OJ 

UJ 

■,u 


NO 

■C» ' 


m 


K{CC 2 “Ct- 3 CCCf- )= A 5 *Zi. 2 t*l { mILLI SFC^TQPRr 





r 

■r' 

1 


\ 

V 









1 

1 

1 

0 

' a ' 

1 


1 









1 

IM 

' m9 ■ 

1 

if\' \ 

'r 


CM 





1 

' « 

!#• ' 

1 

i 


V m 9 m *» >k 9 0 ] 9 m 9 

!i^- « ih' * 

« 





t 

0 

-i: 

1, 

fS- (Of 

m lA o sO oo ^ 

4 OD m m msf l£% 4 00 'O OD 

4 00 0 0 





1 

-hi 


.1 

p 

1 

QO€^^-'4:>%ONOco|f|^^4■fA^^Ammmro^vl<v^s^^o 





1 

nD 

INI''"' 

'r 

. m ' 

't 









1 

OD 


t 

& 











0 

ai 

t 











1 

in 

u 

t 


!■ 









1 


< 

1 

tt 










1 


t 

I 


I- 

' ' 








t 

If 

tt * »»«», 

t 

X ', 

t 

sO nD rHf 

ch Ch nO sO in in. go 'O sO 

or- QD 1'^ f^ 

|K-. 





1 


r\ a 

I 

a 

1 

«*«««-•« 


» j» *t # 

© 





1 ^ 


o 

1 



.Csi CM r«4 i-<. O O €0 cap a,> <30 vO m in 

m m CM CM 

CM 





i 

cc 

X Ih 

« 


r 

f-«-i rHI rHI r*«* r«l , 

r«i 







1 

a 

C U'. 

i 


1 










w 

►«« I-"* 

1 











I 

X 

(2s mJ 

I 


I 









1 


z: -j 

i 


1 









1 


C 

1 


i 











tTJ 3E’ 

1 


1 









1 


a. 

t 


1 











-c-*' tii 

1 


1 









1 

00 

O i/.' 

1 


1 









1 

0 

0:: 

i 

'Tt 

1 

4' (> tX- OC' oc O 

ro rrv f*- cC‘ 0 go ni O’ r-i 

vO CM 4 CM 







0 

■ UJ 

i 

o r 

1 



• # • • 






1 

.0 

> 

1 

in A 

M 

<r 00 m tNi 

UA w 0 CM m 0 r-i m h- 

4 4 03 cr^ 






1 

-H 


1 

o 

i 


■OgDin sf Jn444<nmrsi 

4 4 CM m 







rHI 


1 

# 

1 









1 

<n 


1 

o 

1 










0 


1 


1 









1 


l«-5 

1 


i 









1 



1 

» 

1 









1 



i 

1 

X 

1 

1 

>0 oc CO si- <4 00 

8 

8 

p 

0 

0 

6 

6 

2 

2 

2 

2 

00 00 00 oc 






1 

1 

M 

1 

o. 

1 

«»»«#«,* 


9999 






t 

t>) 

1 


1 

O' CT' K m fo 

'Cn ’0 . 0 F*** 1’’'* vD 0 4’ 4 

(Ti fO CM CM 






1 

00 

w 

1 


1 

(Xik f-H 

f>*R fm>4 ip«<4 s/^i T-g 








c 


1 














1 


1 









1 

X , 

i/:! 

1 


1 











a 

yj' 

t 

1 


1 









1 


> 

1 


1 









1 ’ 


z 

1 


i 












f 


1 









i 

CM 


1 












■0 

U' c 

1 

wj 

t 

o 1^ Ov <M 

^ g3 0 - 1^- <Xi ci- 0-0 CM m CM 

fT' ffr 

a. 

CM 

0 .” 

c<> 

rH 


0 

«J H 

1 





♦ , t ’ 0 # 

« 

• 

0 

0 

0 


■ 0 

m 

1 

2 i» 

O 

CO <M rH 

CM 0 CM 0 r- 0 fo m 4 4 0 

<5 %i'\ sO 

4 

m 

O'-O' 

f-' 

1 

-H 

< 

t 

O' ^ r*»- 'O 

<n ir\ cn fO <n cn CM CM CM 

<M *-< ,H CM 

rs| CM 

<M r-g 

, rg 

« 

m 

j*!** Ci 

t 

41 

1 










■4 

' Z 

1 

o 

1 









1 

0 

< 

1 


1 









t 

. 4 


1 


1 









I 



♦ 

li 

f 











oc 

t 


1 










« 

, a: 

1 

X 

I 

fg c^ c^ 4“ 4 ro fo in in in <0 oo ni 

r>4 r^, 4 

4 

't 't 0 0 


lidi-*. 

',0 

1 

Cl 

1 

«ii # • • « # 


* 9 » • 

# 

0 

0 

# 

0 


iA 

t— 

1 


1 

0 U"'^ '€0 OU 

CM 0 c 0 P 00 >0 'gD 4 4 m <n r-4 ,«-4 4 

4 ct'i 01 


CM 

f 

,00 


1 



?\J 

t-g r-R r-J ^ 








'C 


, i 


1 








1 

w- 


1 

1 

1 


i 

1 









1 

' X 













- o:cL 

1 


1 











*’ '**r 

t 


1 









f 


O ■ 

1 













' O ' UJ 

1' 


1 










ff; 

'h OC 

■ t 


1 










-:"'Q 

O 

1 



U'x 4 4 C’ <\j 0 

^ r- r .0 tn fT, LT. 4 cc cn.o c r* 0 

0 :, 






0 

' II' t/) 

1 

o Y 

1 

^ «l 4j) #1 


# • 0 «i 

» 






''9i 

^ 'm 

1 


vi 

m' y r<\ €•■ m nj 

rg 4 cc» 4 0 h- €C' O' m 

0 r-' rn CM 

nj 







X a' 

1 

o 

■'1 

r- u\ ir\ 4 

4 4 4 'in f<'*, rr, cm' CM. CM m :cM wr^ 'cm 






I 

• cn 

^ tX- 

1 


1 










, 'fC'i 

' O'., 

1 

'c '• 

1 










■'0 

' t'< ' 

1 











1 

ff'? 

or:,' 

1 













' ,3 

1 

n 

"! 












f 


1 










tl 

-jT' 

1 

>' ■ 

t 

<f <- a,.' r- r- 

r- ' m:- g, r- 0 ’ 0- u" c' h" rr 

0 cj C'v 

n: 







Of.' 

t 

,e. 

I 

' e »' » <» (fr, » 


, * 0 « © 

# 






'y:. 

, lit 

, 1 


! 

tS". IT', ,fxl m f\J 

r4 ,rg rg 0 0 0 o- r 

ir is'\ cfi <n 

'in 






a:i 

0- 

■| 


' i 

IW..4 f*THI ,f— <{ fW'if f««i 

fwH |«r.4 








r' 


1 


K(CO2“CH3CO0H)= 39 .7^23. <3 ( MILL! SCC .TQRR) 


o 

u 


m 

< 

I 

M»i (**** 

A 

U 
X UJ 
C to 

jl**; t«^ 

O -J 

2r u 
C: ► . 
cc' ':s:: 
a: 

< U' 

c.:> to 

iX 

ULi 

> 


I 

V 


-yj 
to 
tx 
LU 

<|r > 


U.) 

OD 

< 


"h: 

C 


o 

MRwrv 

< 


- a 

X 

c 

I*. 


a 

' f w 

a , 

ii V';. 

, ^ 
UJ 

ar 

c 

UJ 

X 

:d 


.o; 

lu 

o. ' 

2; 

f** ■ 


>f 

. lA I 

I XJ 

I o ^ 

I: • 

'r ■ 


t . ... 

X 


¥ 

I 




X 


Cl 


CM \ 
O 
» 

O 


H 

X 


ob^ 


n 

> 

a. 


♦ m • m w'la* A> «i «.'« » fr «i 

0v<00%^coo'ct!ocr^h-%0irv<A4''4'inr<ioa^fnm 


•'«!'' M m •'«*> tt « * m tt m m t* » «•'«» 

r-^i O O CT 0^ £0 aj 1^ O %0 ^dh rn ro <M <\i r-4 ('Ti ^4 Csi 


Cf^ IM. 


■■/ 0 ^ c^: o o U' 


4" fxj -r,' f'- Cf= ^0 (V *4' rM 


*H rH o f-Hi O i*- yr\ i/'i rn c<1 sO f^ •--< m C '4- OD lA 

<7' r^ h- r* f^ MD u'l 4* sJ^ st m r<‘ rsj <\i fsj <\i sr *4' CM 


CO o!) oc r*- Os' cNi rH o O 00 GC> O' 0 ^ 00 cr oc 00 
r-i c w otj r-- <j u i tTi -4* ^ CM CM ^ *-4 CO m <\i og 

r—l rM ' 


C-' O rj^ r<' CM f\j tr 1^- 4" r-4 iO ft'. Ca U'. a CM m CSC' 

sf O r^ O '-O sD CM 40 X) iiO •4' ’ 4* ' CM CM Cff ',00 *C) UO 43 4" 


tr in fo fA o o r^ h- sO m rn CM CM o o a: oc'^ cris r 

■ • « <t'#* t'«## • •-'« • «e* # «> • • 

CM CM r-4 f..* o O C0 tC; 41 %0 «'■’. tA 4" 4- CM' CM CM f- 4 r-H 


r 0 ‘ 


cA'r''- 4* r- 'O' <\f or CM' O' •■o m o '^ --c- '^'c a o c^, cs:-- 

* # i> , • «>.#■#',• « te>. •' # «■ in • ,W ■' * 

4,uo O u./'U"'"- ,a:"'r-4 ,Xi cm 4 i CM'Vi'o ui'4 cm *-^'1 

4'" *4" 4* 4 4' 4^ 4“ f^., r^. CM CM aj CM t-i cm *-4 r-« 


C- C. c\. Is 4 


4' 4:' r- 


r* C. 


r O', ex' , o , 

• • O i * «? # 'c?'* «!l « # ♦'-«» «l> • «. «!) *. 

sC: '0 4 4 'CM CM p--« C'' {•• <’’ 4 ^ 4 o'; CM CM ' 

r-l r-J ir»«* r-^ ^ 


CM ■ 
* 
o 

-H 

CM 

CM 


tA 

cc 

o 






e 


f- 


1 

m 

1 

«» 


t 

1 

s 

t 

t 

o 

UJ 


I 

4 

1 

C/3 


1 

O 




1 

• 

1 



1 

f- 

1 





1 

»Mi 


I 


1 

s 



ri 


w 


1 


1 



f 

C/'*. 




1 

OD 





"O 


• 





'O 


» 

X 

I 

CM 









1 





I 

♦ 


1 



m 








CM 





o 


;l» 

00 m f-»^ 


ll 



■ • * "t 

1 

Q 

1 

iiiir ' 

o <3 


M 


c 

CM r*4 


a> 


o 


1 

tx> 

r 

o 


1 

■ 'm 


ffl 




1 

X 




1 

u 


1 


■*', 

1 , 


f 

II 


CM 

4 0,0 - 

f 

, 4*1^ 


o 

• # # 


to ' 


■'U' 

: fC^ CM (CM 

1 






o 

1 

x' 



■ 




1 

1 

t 

. x' ' 




f 

' '.fV 





O' 





0 





Q 









1 

■ ir* ■ 




I 






« 




' 1, ' ' 

CM; 




1 

H 

1 



1 






' U'' 




} 

a-J 




1 

■O 

y'l. 








', 1 

X, 




I 

a: 

ca: 

o 



TABLE 

TFMPER'MUQE fK)= 6C0.0 C ARBn^4^ IDXl 3 E-AC6TI CACI D 

(frESEURE {P} IN TORR AND THWINVERSE ( 't' ) IN INVERSE MTLLISEC, ) 


'm’H ■ 

o 

* 

o - 


urs * 

s 


^ • t «f r^# « •.t P 9.' # 

vamc^loa0^M<VC^lnl15«D’wD’^^Aun^€^•s^^- 4 *<m^ 
03 ^ iv %0 pm ^ wi ^n.ini 


ro ^ m CD 'SA If; r- O' C^ cr» OJ <\i 

cx) CD D- h- nO <><)<» u\ tr- ^ rn ro <v csj rr» •--< rn eg CNj 


« • « 4 «« • «'• # « 

OO'D- <^a^OOC■r^^^^t»«^r-4C^<ir^,fgc^J<V14 S^OO^A 

o a CO 00 io 43 lA yn <f- fo in <\i f\i st 4* rsj rn 


Cr<>C*iCVJC\i<3N0<)^‘'^r^Ch0^C' O'OCODsOOOCOOOOD 

«««*«»«, 

c^ O' 0^ CO CO in 4f ^4* m CNi fsj rr# rn 04 <v 


r-* u,.;, o C‘ o ,<N 00. c o:"! o 'D o" <i~ -t O' r-4 fc, a cv cc m f--i 

00 CA a.‘ O (T* O rn f*^ lA ^ iO iA rH r-4 r<“' 4" AJ O- O nI' A't O <3 K 

«A sO CA >0 CTi iA «n tA ^ sf sf' Sl" 4“ (A CO f\| <\1 f\j (\j (\i r-* . 


O 0 ^ < 0 ^ C^ iA ur:^ 44"^ in <1 sO O O Q 'O O co CD u> I.A 4* 4^ st" 4" O O 

» #• «##.« • « • • 0 « #• • «'» • « n 

og rv' r -1 *--* r-H f*^ o o cr* O' O' cr- -cc-- .a:' co go o tr\ u-'. 4 4 m rA_f\i aj 

1**"^ i**g ‘f^4 fwoij IT*' 4 v""*! I"*"! 


■0- AVM, o <A u"-. 4' O r 'r. trt,r-'a. r- 'rv. os'o 

*»;«>' •-«■#'#>- • A 'u * ♦ ®‘ ♦ ■ • • ♦, 

'A-i <.T. o CM M') C' cj a, <A. A. c ca cc^ cc a.” 

nC^ lA y'. 4 4 A> 0- rO' n> cm, Av eg <-hi T-g »-♦ r-* 


c i cr c C r' r' A -A,- Ts r , u . i- ■ 

« ^ # 0 © , • ?* «» iFs ♦ ' *• tt •" * » m # . f 

eg C' O'- 4' Ai A. ^ o ' ' A, %0 4 4 , Aj Cm Ay r i 

eg I* '« r-g fw I rHI i'"> r“? rH )(*H 


1 

eg 

i 

1 

O 

f 

1 

f 

t 

1 

'O - 

1 

1 

M 

I 

1 

■o 

1 

1 

<n 

1 

1 

•' 

1 

1 

4 

1 

i 


1 

1 


1 

1 

1 

ft 

i 

i 

i 

f 

t 

in 

i 

€3D 

1 

1 

■O 

I 

1 ' 


k 

1 

'3c: ■ 

1 

1 


1 

1 


1 

i' 


1 

t 

t 


I' 

f 

9 

1 

, CM 

I 

' I 

r 

o 

f 

I, 

■ t .' 

.1 

1 

o 

' 1 

1 

-H 

-s. 

1 


'.,1 

1 

4' 

i 

t 

« ' 

1 

j ■ 


' -1 

1 -' 


1 

1 . 


1 

i ■ 

U,'' 

.5 

1 


i 

1 

C>'. 

1 

r 

'aV ■ 

1 

i .■ 

C) 

1 

1 •' 


1 

1 

■be:' 

1 


K? C02-CH3C00H)* ll8i:26 I MULI SEC.TORR) 



re MO ERA TORE f K) - 550.0 4 CARBONOlOXnf-ACETlCACI 0 

(PRESSURE (P) TN TORR AND rnwiNVERS^ ( ) \H INVERSE MILllSEC. J . 


40 ^ 

B ^ 

# 

o 


ti 

X 


' U 

o 

o 


If 

X 


2 ^ 

<» 

o 


n 

X 


*-v-« 

o ^ 

, l:; ■ 


Jf ' 
X 


e. 


■rniiM'iuScssor^^f 0 ^ 4 Aa)OfMc\i^Mr\Wfftrw,orMr^ 

« '4 # P: t: ♦ «. ♦ # * 

l 4 f%oo% 0 ^ 4 ■,m>om^a^in^O'»HlC^c^«-«♦ONOOsrc^f^O' 

O' fM ^€0 ■<!30 o O O OCi CO r--. sO h* tA lA 4" ^ m 

(H iHI rH *>H 


O '0■^- rvi CM o O ra ffi ^ sO ^ .a* CQ r-*4 #m iw ra <\j 

# # li fife 'tr ♦ «t <(«. « «> « >'> • (lift IK )•' • (H IK ' # 

OO.^sO'cacDoof’- f^^<?tAiAmsrst'<f<lFfnfrirMc>j 


rH o ■ fv ur\ < '»-j m <;• c^. O' i^s CT' o 'O <\f sf cm 

>0 CM iTi 00 O' r- ccj rw fi"i <M o O rn o CM 'st co in 


min<r't^t 4 'tinu'N» 4 ^sriAirkSf>d*sO»OOQCocoa> 
r-< th o Cj o o O' CD cn O <' ir^ m fO m <M CM 


C ,0” C C ,r-J c‘> n‘ Ni’ ,4 ^ m t CM n- st <- 

sO' t- h-' (A CM iM oc» r- o o «r- <1 a:^ o m oc) 

fO CM CM Cvl CM iCM CM r*** CM CM r-C r^i 


O' m urv r-< O O'. 'o o CO 0 C> r-l CM CM 

♦ • ♦ «'» #.* #••■'♦ # «• p •• • 

c, O' ,0' cv CO n nO MD u"'. ii\ m r^i fr» cm cm cm 


C\l_ If®- '0> ' CM *4" W'- r-4 *--» n“» .■"<;» O! ’ rHi 

t'pppp^ppfti^pp 

^ 0"' ■r-* c ; C J r^; ^ a MJ 

, 4 , 4 ^J-' < 4 : ■'t n'- 'CM CM CM r-^ 


4V r-^ CM (y ^\0 O' 

p ' . t • p p • 

n- e*’ 0 ^ a' a- a*-- 

r«4 9«HI rH. 4 i*M rr-l 


L tj ' ««H n, C’-.' O' .'C.. fi f'O’i ^ n 

««»##« VP ft (ft? 

CM C^' rw'rH Q O CT'f^ n- i£\ 


m u -, U''. . s€j 

• f ppp p^.«<p 

m * 4 “ <r CM CM CM 'ng 


CM 


o 

O 

« 

o 


i/i 

00 

O 


CO ' 

o 


CM 

yr> 


tA 

'CD 

O 

X 


|MMI>| 

0 

P 

o 

-H 

fw 

o 

p 

CM 


U'J 

00 

o 


r- 

m 

O 


■p 

m 


CC^' 

4 b 

- 

x, 


i 

I 

t 

» 

J 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 


'H 

\ 


K(C 0 ?-eH 3 C 00 H)= 109 i 36 ( MILLI SEC. TORR) 





CL' 

a: 

< 



1 

1 

1 

t 

1 


1 

t 

r 



o 


1, , , 


1 

'CM 


pmH 

1 

1 ^ m o.■^a ^ cc sT CO 


1 

1 

»HI 


U 

1 

V. 1 m fvi cn ON 0^ 00 nO m o 

«r,, IJ • . • *$' « f 

# 



1 

r!i’vOfMOC>**^rn4fHI 

1 

g 


a 

1 

O O^HOOK<5O|Vs0iA»A*4*‘4^rnrn 

1 



1 

« 1 0,4 W '•*# r4 


» 

m 


H* 

1 

O ' I 


1 

• ' 


UJ 

1 

1 


I 

CD 


■U 

1 

1 


1 

fm4 


<$ 

1 

n I . 


1 



1 ' 

1 

.. . 


1 

K 


UJ ^ 

1 


1 



m 


(5„ . 1 , #' • n . • 

0) «'#•*«** 

1 

m 


fiw* O 

I 

' t f< sO ^ sO sO in tA lA u> ^ m m 'Ca csi i-H r-4 

f 

CO 


K tU 

1 



1 

a 


O tn 

1 



1 

*«»,*» 


|iw4 




f 

X 


i:i 

1 



1 



O 

1 

t 


1 



133 T' 

nr. 

1 

1 



1 



<C UJ 

I 

1 


1 

4 * 


o 

i 

1 


1 

0 




M 1 4 4" ^ m Ai C3C rn fM 

o Y t *•'#•#•§# •♦t* 

on 4 4 * x 'O rHi a"*', . 

1 

• 


lU 

1 


f 

0 


> 

i 

u 1 IJ t cc ^ €0 sJ* 'O JS lA o C. f“ 

o 1 <) ^0 iT. iA lA tr 4- ut^ 4* 

m CD. 0 m 4 ' 4 0 45 

1 

4^1 


:?r 

1 

4*4'rnm<MD4mfM 

i 

CM 


>-4 

I 

* 1 


. i 

in 



} 

‘■ri 1 



• 



1 

1 


1 

0 



i 



1 




! 

!l i 


1 




1 



t 

M 


>ri 

1 

X 1 0 ^ O' ON o o *--* 4' 4 cc cc tr, iTv 

0 

0 

0 

0 

2 

2 

6 

6 

1 



V 

1 

.n. 1 ^ 


1 

(/I 


! 

1 fM r- o IT. lA 4- 4* 4* 4" 

4* 4* rn <n C\J (Si r-4 

1 

CD 



I 



1 

0 



1 



s 



lU 

1 

1 


1 

X 


</> 

1 



1 



■ ,ac' 




1 



' UJ 

1 



1 



•• , >. 

1 



t 



•""If 

»ir-„ 

1 



1 



*«~ 

1 



1 

'rn , ■ 


3r 

1 



1 

. 0 


C 

1 

Vi I aj Ci. 'sC in oc,- O' <n'sC if 

a. (sj u:-. 4:- r^-i 4’ 

f 

0 



1 

in \ \ 


1 




I 

CM 1 (\i C 0N ^ m CN *-» O' u-% !/■; 

O ^ 1 ^ IT. fo (A <A (\i 4^ nj <n (4 fvj 

r-i CD s0 rsi 4 . CO 

1 



1 

Cd (\i (V fSI rH r-l 

1' 

4 


o 

1 

* 1 


1 

4 




1 


I 

« 


<T 

1 

1 



i 

CDt 



1 

i 

H 1 


{ 



cX 

1 



I 

H 


, ec 

! 

X r nj fNj ON O' ^>o so 4“ 4 .4 r-i 

0 C' <\i CSJ 4 4* 

\ 



■■O 

i 

CU| 

« fti • «i 

1 

{/) 


h™' 

1 

1 ni, CM r4 O' ON CO av <» IT II" 

4” 4 fD cv^DJ 

I 

■ GO 



1 

1 y»HI ,p»4 

., 

1 




\ 



i 

w 

• 


1 

t 



1 

\ 

1 

X. 



1 

1 





’C"' Cl. 

\ 



i 







1 



'C 

C^' Ui 

1 

1 



1 

1 ' 

i;\ 


U’i OC 

1 

1 ' '■ - 


1 

0 

41 


1 

* 1 r-, cfj CD iTv 4" ^ 4' D'f'ON r»^. a- 

1 

Vi*' r- m C',sf -.t f\ 

C 1 x;- '4‘ fn r- or (M r-j r -i f\! fM CJ 

r- 4 c- (D , .4 0 CD ' ' 

'1 



n <?;• 

1 

• # ftj ' # • W' 

S ' 

0 

•M 

' 1, 


1 

U"., »-* CD a: .Q 0 :. a; 

f ' 


UJ 


t", ^ -(Si r—i ^ Dh,' f'"'* 

1 ■ 

f*""t 


^ -ot. ■ 


1 , ■ ' . . . 


' # 

»: 

u. 

' 't 

' O'. 

1 

c r 


. !■ .. 

'' ' 

1 

, U *W'’ 

1 



i " 


:§ ■ 

a-'. ■ 

1 

I 


t, .. 


t 

-j 

1 

H ,r ; ' ,■ ' \ ■-; 


1 . 


^'1 


t 



1 

it 

1 



X I <*" c.'ir M. o r> C‘ r-i fT' '.r 

t/ uv '4 0 0 >0 ' 

t 


1 

^ '■> 

1 

Q i. •--* f» p m ' *^ ft. • v> '' *1 ♦ 

• <► «» .*' .1^ t 0 ' 

- i 

U'lV 

1 


1 

1 , in ii'>, fvj rv‘ C:- 0^ 'ON CD CO 

‘h-'h- in ff! D' fSi csj 

1 

CC 

1 

c. 

1 

1 rH! r*H 0^4 r'- r** r-i 


, i 

cr 

J 


t 



t , 


•'. r 

; ' 

1 



1 


: i' 

H- 

i 



1 


1 


-ri 

I 


Kf C02-CH3C00H)= 156^33 ( MILLISEC.TQRR} 





tl5 

CD 

< 


Ck. 

m 

a 

u 


w 


1 

^ * 

© o 

Ui 

X 

o 


o X 

CD 

Di: 111' 

<r u) . 

u ac 

iV 

> 


4C 




Uf 

c/> 

X 

IXi 

> 

X 


o 

H ’ 


O 

'z 

<t' 


a: 

X 

Q 


O CL 

o 

O lij 

sT' £ 

li 

-"s %r' 

■X. ill 

^•X' 

'. a. ' 

tij 

tr. *■ ’ ' 

h 

<. "• 
rv' 

U: 

0-. 

l.t: 


I 

I 

1' 

S. isi F-’ ij tfS lA 


<#,'*A K <M m «M 

« • H Hi. « # « n 

- - - - ^ 


# 

O' 


Jf., 

X 


» 

I 


O I 
lA fo 
iD ^ 


M 

X 


a 


o 


I! 

X 


a 


o '.p 
■ 


n 

>■; 


♦ ir|M#««l» 4 h 

>0 nO m m- CM 1^. r-4 


tc it-i h- rH ^ O vQ 

m fo N tn CO 

0^ r- <i“ ir\ 


fSi O *4“ Cp tA iH 

#»•••• i» 

iX? fD ^ iA <? O' 

CO iA <r ^1“ <A 


r-4rHCM<MO^O^Cr toCDOOO<Mrs3 
O^O'Ooooi’ ^r^frirfiirnfncMrHr^ 


c a: OC. O' *4 OuT^Q-'f^O^C^CsJi 

•'fl « f «,«,«l'll *.« » • • 

Ch 0 ^ CD cc m o »n o ^ ^ <t csi 


ff> fTii t— I (HI 

' 4» 9 * . ♦ 

CvJ fSJ r-l r--4 


»-< ri-( tA CO 

l> • • • 

ic m r- r^ 


4.,'^ CC' (\J CM r-l.r«4 
*4' M rn CM AJ 


'if' <' sC crvi^'t. rfi o tfi iXv 'o cr o c rn o 

#•'*»««•'««• •'•v » #(>«» « 

, O cv- fsj- cf'f CM sj' o r - 5 u. 'rn 'rsS ,cm Ui C'' cx:- co 

'sf" lA r«, m c^f, cz cvj (m. r-w rj.rH 'r-4 cm »-i 




C. C f ' r. c\ c -,; cm ki . *4 e 0* 

* • « « *'• «i ^ m • r • ^ «> #''•''«' 

<’■ m:* -4' CM c:- o o a: co 4} <» m“\ td rv dc- cm 

f»‘'t irM f-H| r*^ r**4 r*^ r'^ 


© 

O 

-H 

<M 

« 

lA 


m 

m 

a 


og 

4" 

w 

O 

-H 

O 

« 

jv. 


CO 

o 


CM 

o 

li 

S 

CO 

o 


CQ 

a 


•4 

O' 

»' 

o 

+•1 

o 


: ‘ 

V: 

CL’' 

C-', 

HIP** 

X’ 


t4 

i 


K{C02-CH3COOH)s= 239 + 81 C MILL ISEC .TORR J 



O' 

1 i 

1 

1 

1 

1 


• 

1 




I 




u 

1 t 

1 


1 


< 


1 


1 


u 


t 


1 




i 


1 






1 


lU 


\ 


1 


u 




9 



1 1 

i 


1 


t 

i f 

t 


1 


" Ul 


1 


f 


o • 


1 


1 


, w 

r Yi'^*'*'***^*^*^ 



1 


2*<"Ui 

t ^«^mo^incs»iA 

1 

sr 



o %o 

1 cNi ^ sr <Ni iHi phi 0 0 ^ 

• 




fcpif ^ 

i 1 *Hl fp«l f *4 iHl fw 4 f*t »«l t«w| 

f 

m 



■ o 


1 

,#HI 

1 


■a: 


1 

•H 


I 

u »-< 

i ur% t 

1 

O' 

f 

#<‘*•111 

CO 2: 

1 CM t 

1 

0 

1 

oc 

a: 

101 

1 

m 

I 

(X 

< Ul 

1 • 1 

I 

0 


0 

U 

101 

1 

fm 4 



ct 


1 


1 

♦ 

iJU 


1 

H 

1 

u 

> 

1 H 1 

1 


! 

UJ 



1 

uo 

1 

in 

»«HI 

1 X I- 


cu 

1 

HHI, 


1 1 tn ^ nO r- r- O' 0^ c^j 04 t-sj 


,0 • 

1 


z: 

1 1 •■•#••#••♦♦♦ 



t 


k-H 

1 I 0 0 u' O' «-> CO r-- r*- r-- %0 

1 

X 

1 

*««-#■ 


1 a I pM 

1 


I 

X 


1 ) 

t 1 

1 

t 


1 

I 


lo 


1 

1 


1 

1 



\ 1 

t 


f 




1 


1 

CM 

III 


I 



lA 


t i 

I 


I 

•HI 


1 i 

1 


1 

+J 

gli UJ 

1 1 

f 


t 

in 

> 

1 1 

1 


1 

0 

■ z* 

} l 

1 


1 




1 


\ 



t 1 

1 


t 

ft 

m a 


1 




mJ 


1 


1 

X 

CQ 


1 



0 

<t 

1 1 

1 


1 

u 

0 


I 


1 

u 

' z: 

1 1 ▼ 

1 


1 

m 

< 

1 "Y 1 c^N ^, 

1 


1 

. X 


i 1 I • ♦ • » 

1 


1 

u 


1 0 r- O' 0 

1 


1 

1 

tx 

1 '"■'^ 

9 

m 

I 

CM 

QC 


1 


1 

0 

0 



• 


U 

H* 

1 D 1 

I I 

1 


1 

1 

•OmP 

M 


t 9 

1 


1 



1 » 1 


rn 




1 0 f 

1 

• 

t 


•>*<% 


I 

if*HI 

I 


' 0 a 


1 




• »*— ■ 

1 H I 

1 


1 


««>»$ 


1 

ft 

1 


' 0 uu 

1 X 1 

t 


1 


m jx 


1 

uo 

1 



1 ' } r- cu 00 

1 

cc. 

« 


II 

1 1 « # ♦ t 

1 

■ 0 



^ i/) 

1 a t in '"-.J 

1 

*w-<» 

1 


y: 111 


1 

x: 

1 


w, a: 


1 




a 


1 


1 


UJ w 




1 


oc 


1 


1 


. ::::? 






■ r- 


1 




, <[ 






QC' 

1' ' ! ' ', 

1 




UJ 

t ■ i ' , 

i 




.' a. 






2: 


1 


1 


uu 


1 






1 


t 







112 


Table 51 


Rate constants, cross-sections and probabilities of energy 
transfer from COgCOO^l) to CH^COOH 


T®IC 


o2 

{T* A 

P^^xlO^ 

exp 

301 

405 +152 

2.47 

+ 0*93 

4.18 

+ 1*57 

400 

239 ± 

81 

1 .68 

+ 0*57 

2.85 

+ 0.96 

500 

156 + 

33 

1 .23 

+ 0.26 

2.08 

+ 0.44 

550 

109 + 

36 

0.89 

+ 0.3 

1*52 

+ 0.5 

600 

118 + 

26 

1.02 

+ 0.22 

1 .72 

+ 0.37 

650 

78.9+ 

20.0 

0.70 

+ 0.18 

1*2 

+ 0.3 

700 

39.7+ 

23.9 

0.37 

+ 0.22 

0.62 

+ 0.38 

750 

45.8+ 

26.7 

0.44 

+ 0.23 

0,74 

+ 0.04 


II-TTEB.PRETATION OR RESULTS 

Again we first ignore dimer formation in this molecule 
also. The magnitude and the temperature dependence of the de- 
activation rates for this system are similar to those for Formic 
acid. So, as in the case of Formic acid, near-resonant processes 
must be dominant in the deactivation of the 00^ asymmetric mode 
by Acetic acid molecules. The vibrational frequencies of the 
fundamental bands of Acetic acid are reported by Shimanouchi^^ 
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65 

and those of the mixed and overtone hands hy Wilmshnrt . Based 
on these frequencies , the following processes may he expected 
to cause the deactivation of the CO^COO^l) mode. 


CO^COO^I) + CH^COOH (0) — ^ C02(0)+CH^C00H( 0=2212)+aB =137 em"** 4.41| 

— ^ 002 ( 0 )+CH^C00H(i)- =2513) tdiE =-l64cm^”’ 4.42 
— ^C02(0)+GH^C00H(ii=2283)+4iB = 66 cm”V4.43: 
— ^ 002 ( 1 00)+GH^C0OH(j)^989)+4iE=-29 cm“^ 4.44: 

I- 

— > GO2(lOO)+GH^G0OH(5^Q=847)+^il3cm"‘’ 4.451 
G02(O2O)+GH^G0OH(-^=1182)+£iE=-1l9cm"'' 4.4| 
— >002C020)-fOHjGOOH(i>^^=1048)+4ffi=15 cm”"* 4.41 
— >- G02(02O)+GH^0OOH(i)g=989)+AE=74 cm“*' 4.4€ 


All the three mixed mode transitions of Acetic acid in 
processes 4.41 and 4.42 and 4.43 are weak. Even though 4.41 and 
4.42 involve a large energy mismatch;, they can not he dropped 
because the i)^— ^0 transition of 00 2 is very strong and their 
contribution might he comparable to that of 4.43. The i)g — >0. 
transition in 4.44 and 4.45 is of medium strength. Even 
though the GO 2 transitions involved in these are less intense, 
these processes could not he dropped because the energy mis- 
matches are not large. The transition ;;)^q — ^ 0 in process 4.45 
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is weak with a large energy mismatch and a less intense 00 ^ 
transition. Hence this process can he neglected. Process 4.46 
involving larger energy mismatch cannot he dropped since the 
(C-0 stretch) transition is strong. !Ehe transition 
in process 4.47 is weak hut can not he dropped heca^ 
use. this involves a small energy mismatch. Hence except process 
4.45, all the others are likely to contribute to the total 
deactivation. 

No attempt has heen made to estimate the transition 
moments for this system also because of the following reasons, 

1 . A large number of processes are involved in the deactivation 
of 002 ( 00 ^* 1 ). 

2, Acetic acid, like Pormic acid, is highly associative at 
room temperature and the dissociation constant of dimers is 

• -u. 66 , 67 

given by * 

log E = 11.789 - 3590/T 4.49 

in the temperature range of 298-728®K, 

where K is the dimer dissociation constant in mmHg and I is 
the temperature in °K, 

At room temperature and a pressure of 5 torr about 82% 
of this acid exists as dimers and this concentration falls 
to 1.5% at 400°E and is negligible at 500°K and the 
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concentration of dimers increases as the pressure is increased. 


Hence;, part of the measured deactivation rate is due to dimers 
at 300 and 400®E. iTherefore, all the comments made regardizig 


the interpretation of and case of MrHCOOH 

are also applicable to Acetic acid at temperatures where the 


dimer concentration is appreciable. 


Ihus the temperature range that can be used for esti- 
mating the transition moments is narrowed down to 50O-750°K. . 
It is felt that this temperature range is too small to estimate 
the transition moments in view of the large number of processes 
involved . 



CHAPTER V 


CONCLUSIONS 


The Laser Induced Pluorescence technique has been 
used to measure the deactivation rates of the asymmetric 
stretch mode of CO^ in collisions with polyatomic molecules . 
The polyatomic molecules studied are CH^OH, CH^OD, 02H^0H, 
C2H^0, OH^CHO, HCOOH and CH^COOH, These measurements have 
been carried out at those temperatures where no dissociation 
of these molecules occured in the range of 300-750®IC, The 
studies have been limited to lean mixtures of the polyatomic 
molecules, all below 12.5%, due to the limitations imposed 
by the time constant of the detector and the associated 


electronic circuitry, which is <1 2|i-sec. The lean mixture 
data is extrapolated to 100% of polyatomic gas composition 


to get the deactivation rate K^q of CO2 with the poly- 
atomic molecule M. The measured deactivation rates are in 
the range of 20-400 msec“^torr“^ and decreased with incre- 
asing temperature. 


The deactivation rates of the C0(v=l) mode with the 

above polyatomic molecules (with the exception of CH^OL and 

68 

^2^4^^ sre measured at room temperature and are 5.9, 5.9, 
4.7, 11.7 and 20 msec"’'torr’^ for CE^OH, C2H5OH, CH^CHO, 
HCOOH and CH^COOH respectively. These rates are quite sneill 
since only the bands around 2150 cm"^ , which are all weak. 
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can cause deactivation of C0(v=l). !Ehe corresponding rates 
of deactivation of C02(00°l) mode obtained in the present 
work are about 17, 35, 10, 28 and 20 times faster than 
those for the G0(v=l) deactivation by the same molecules 
respectively. These enhanced rates are due to the additional 
deactivation channels available in CO2 for the transfer of 
energy throu^ (00°1 — ^ 020, IOO) transitions and the exis- 
tence of very strong/strong fundamental vibrational bands 
iii the polyatomic molecules to take the energy by near- 
res onant V-7 processes. In the alcohols it is the very strong 
C-0 stretch which is responsible for the enhanced rate while 
in 020^0 two very strong ring deform vibrations are respon- 
sible and in OH^CHO the strong C-C stretch and the medium 
CH^ rock bands are responsible. Since only strong and medium 
bands are responsible for the deactivation in the case of 
CH^CHO, it is the least efficient of the seven polyatomic 
molecules studied. 


In the case of the two acids^the deactivation rates 
are even larger. However, because of dimer formation in the 

vapor phase, the reliability of ^C02--HC00H ^G02-CH^C00H 

obtained by extrapolation to zero percent of CO2 is uncertain. 


The dipole moments of the transitions involved in the 
polyatomic molecules are estimated. This is done with the 
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help of the experimentally derived probabilities at diffe- 
rent temperatures and the SB theory. Jlhese estimated tran- 
sition moments are approximate to the extent that the SB 
theory is approximate. Eowever, these moments are in agree- 
ment with 1316 relative intensities of the transitions as 
reported from spectroscopic measurements^^. If these tra- 
nsition moments can be measured independently, these cal- 
culations can be used to test the validity of the SB theory 
for such calculations in polyatomic molecules. 

The useful temperature range for the above calcu- 
lations in the case of the Carboxylic acids is reduced due 
to association at the lower temperatures. Considering the 
fact that the number of processes involved in these mole- 
cules is relatively large with respect to the available 
temperature range, no attempt has been made to calculate 
the transition moments. 
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